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ABSTRACT 

 

 This dissertation integrates ecology and economics to quantify the impact of 

hydrological flow alteration under a high development (HD) scenario of the Mekong 

Basin on the fisheries of Tonle Sap Lake, Cambodia. A systemic link of food web 

ecology to fisheries was developed to model and analyze the dynamic complexity of 

the ecological-economic system.  

 Tonle Sap is a large shallow lake and phosphorus is the limiting nutrient of the 

lake, bringing the dynamics of the lake’s phosphorus to the forefront of the problem. 

In this regard, a dynamic model of total phosphorus (TP) for the lake was developed 

(Chapter 2). Simulation showed that the TP peak concentration under the HD scenario 

would decrease, although the basic cyclical behavior did not change significantly. 

 The flow of phosphorus in the food web system of the lake is likely to affect 

fish production because the trophic state of the lake is mesotrophic. Therefore, a 

dynamic model of nutrient-plankton-fish relationships was developed (Chapter3). 

Simulation results showed that the alteration of the Mekong’s flow would likely have 

significant impact on the fish production of the lake. This is in line with the “Little 

Impact, Much Damage” statement by some ecologists studying Tonle Sap floodplain 

ecosystems. 

 An ecological-economic model for assessing the economic impact of the 

Mekong’s hydrological flow alteration on the Dai fisheries in Tonle Sap was 

developed in Chapter 4. The ecological model of the plankton-fish sector from 

chapter 4 was integrated with economic components of the Dai fisheries to estimate 

the economic impact of the flow alteration. The simulation results showed that the 

economic loss of the Dai fisheries under the high development scenario compared to 

the baseline scenario may be approximately 74% (between 61% and 87%) over a 

period of 10 years. 

 The findings from these studies should help inform the government of 

Cambodia regarding the potential economic loss for Tonle Sap fisheries from the high 

development in the upper reach of the Mekong Basin. 
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CHAPTER 1 

INTRODUCTION 

 

1.1.Tonle Sap lake 

 The Tonle Sap Great Lake in Cambodia (Figure 1.1) is the largest freshwater 

lake in Southeast Asia and nourishes a community far larger than the 2.9 million 

Cambodians who live around it (Gill, 2004). The lake covers approximately 250,000 

ha in the dry season and increases in size five-fold during monsoon season, 

submerging 1.25 million hectares of forest and agricultural land in as much as 10 m of 

water for several months each year (Lane & Neou, 2002). This unique hydrological 

cycle creates a rich biodiversity of species, while saving large urban centers and vital 

infrastructure from flooding. The lake also serves as a giant nursery for the Mekong 

River. Fish spawn in the lake's flooded forests and vegetation during the monsoon and 

migrate to the Mekong River in the dry season, traveling upstream as far as the 

People’s Republic of China and downstream to the Mekong Delta (Lane & Neou, 

2002).The Tonle Sap Lake is believed to be among the world’s most productive 

freshwater ecosystems and the importance of the lake is well documented in the 

literature (Rainboth, 1996; Neou, 2001; Kite, 2001, Campbell et al., 2006; Keskinen, 

2006; Keskinen, 2007; Kummu and Sarkkula, 2008 and Lamberts, 2008). 

 The floodplain surrounding the lake provides a variety of resources for local 

people including the materials needed for traditional medicine, firewood, and the fish 

that is the primary source of income for villagers (Keskinen, 2003). The floodplain’s 

contribution to income, employment and food security is larger for this body of water 

than for any other body of water in the world (Baranet al., 2007a). Both fresh and 

processed fish consumption dominates the animal protein sector of Khmer nutrition, 

shaping the nutritional health and well-being of the Khmer population particularly in 

rural areas (Hand, 2003).  Hand, 2003, estimated that Tonle Sap fisheries supply 

approximately 40% of the total animal protein for the entire nation. Hand (2003) also 

concluded that complacency exists among many Cambodians because the abundant 

fishery resources of the Tonle Sap seem inexhaustible and therefore they had no 

impetus to gain scientific understanding of fish production in the lake. 
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Figure 1.1: Location of Tonle Sap in Cambodia1 

 

 The Tonle Sap Lake is the “heart and soul of the Cambodian people” (Hand, 

2003) and therefore, was nominated in 1997 as a biosphere reserve in the “Man and 

Biosphere Reserve Program” of UNESCO (Keskinen, 2003). The biodiversity and 

high fishery productivity of the Tonle Sap is thought to be due largely to the annual 

flooding (Kummu and Sarkkula, 2008); (Lamberts, 2006); (Lamberts, 2008), 

(Keskinen et al., 2007). According to Lamberts (2001), three main categories of fish 

exist, based on their water quality requirements and distribution patterns as follows: 

 

1. White fish are mainly associated with the main channels and streams, and also 

migrate into the floodplains. Many species undertake lateral or main water-

floodplain and longitudinal or lake-channel-Mekong migrations. The species 

usually include cyprinids (Cirrhinusmicrolepis, Hampalamacrolepidota, 

Barbodesaltus, Leptobarbushoeveni, Osteochilusmelanopleura, 

Moruliuschrysophekadion), several pangasiids species, silurids (Wallagoattu, 

Micronemaapogon) and notopterids (Notopteruschitala and N. notopterus). 

                                                           
1 I thank Dr. Keskinen for giving permission to use this map 
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Most white fishes require relatively good water quality and behave 

accordingly (timing of migration etc.).  

2. Black fish include species that are able to survive under less favorable water 

quality conditions, and almost all are species that can tolerate low amount of 

dissolved oxygen levels for some time. Most black fish species have specific 

adaptations for living under such conditions. The species include clariids 

(Clariasbatrachus), channids (Channamicropeltes, C. striata), bagrids (Mystus 

spp.), belontids (Trichogaster spp.) and Anabas testudineus.  

3. Opportunists are small, fast-growing and prolific species, able to utilize the 

flooding for prolific reproduction and/or growth. The group consists mainly of 

cyprinids (Henicorhynchussiamensis, Thynnichthysthynnoides, 

Dangilaspilopleura). These fish are mostly used for making prahoc2and fish 

sauce or as feed for caged fish. 

 

 According to Dugan et al. (2005), a number of factors may have influenced 

fishery production in the river. These factors include the magnitude of flood (herein 

and after referred to the water level in October), duration of the flood, timing of the 

flood, regulation of flooding, characteristics of the flooded zone, migration routes and 

dry season refuges are discussed (Dugan et al., 2005). The first four are functions of 

the flooding regime and therefore, are particularly vulnerable to changes in flow that 

result from water allocation decisions within the river basin. 

 The construction of large hydropower dams and reservoirs that are planned for 

the upper reaches of the Mekong will directly impact the flow of the Mekong and 

eventually the flood regime of the lake because around 60% of the Tonle Sap flood 

water originates from the Mekong (Kummu and Sarkkula, 2008). Simulation results 

for a 3D hydrological model confirmed that for the intensive development scenarios 

in a dry year, the maximum height of flood would be lower by about half a meter and 

the surface area would be about 10 percent smaller (Baran et al., 2007). Basin-wide 

scenarios were used in the study and described in details in (Koponen et al., 2007). 

Baseline: development of the basin is at the current level. Intensive Development: 55 

km3 of hydropower and irrigation dams in the Chinese Mekong mainstream and in 

the upstream Mekong tributaries are constructed. The results reported in (Baran et al., 
                                                           
2 Referred to fish paste, a popular food for many Cambodian people. 
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2007) were similar to results from another hydrological study by the World Bank-

Mekong River Commission (Kummu and Sarkkula, 2008). Many researchers have 

concluded that the natural capital of the Tonle Sap is susceptible to degradation when 

the floods that drive its productivity is altered (Kite, 2001); (Kummu and Varis, 

2007); (Keskinenet al., 2007), (Lamberts and Koponen, 2008); (Kummu and 

Sarkkula, 2008); and (Sarkkulaet al., 2009). 

 

1.2.Observation on relationship between flooding and fish catch 

 Flooding of the Tonle Sap generally occurs between June and October.  Large 

variation exists in terms of the timing, duration and intensity of the floods, which 

creates a highly dynamic floodplain system. Water levels decline rapidly during the 

dry season that extends from December to April, which is characterized by low 

rainfall and high evaporation rates. This contraction and expansion of aquatic habitats 

greatly influences fishery production. 

 Fish populations in Tonle Sap Lake are adapted to these variations, and 

therefore, breeding and growth are strongly related to the sequence of flooding. The 

floodplains are nutrient-rich for four to six months of the year, during the monsoon. 

Larvae, juveniles and adults grow in this habitat, after which they migrate back to the 

Mekong River through the Tonle Sap River when waters recede. They become 

concentrated in channels and ponds during migration, and are more vulnerable to 

fishing activities. 

 Flooding has been considered a main driver for fishery productivity (Baran et 

al., 2001, van Zelinge et al., 2003, Welcomme, 1985). Welcomme (1985) examined 

the relationship between river flow and fish production using data from the Niger, and 

the Shire and Kafue rivers of Africa, and concluded that catches in river systems can 

be estimated using river flow. Similarly, Baran et al. (2001) and van Zelinge et al. 

(2003) found that a positive correlation exists between river water level and Dai 

fishery catch. However, the strong correlation between the Dai catch and the water 

level found by these authors is primarily due to the dominance of Henicorhynchus sp. 

whose abundance is highly correlated to the flood level. Two main points are clear 

based on the results of these studies. The other nine most abundant species in the Dai 

fishery catch do not individually exhibit significant correlation with water level and 

the purpose of these studies were to get a general idea about the simple relationship 

between water level and fish catch in the Dai fishery. 



 

5 

 

 Total fishery catch from the lake and water level in October are shown in Table 

1.1. Figure 1.2 shows both linear and log-linear relationship between total fishery 

catch from the lake and the water level. Water level, which is the independent 

variable, is the average water level for the month of October, based on records at a 

gauge (Kompong Chhnang) in the Tonle Sap River. 

 

 

Table 1.1.Catch statistics and annual water level from 1997-2001 
Year Catch*  Water level** 
1997 60000 9.1 
1998 62770 6.52 
1999 61050 8.82 
2000 71105 9.84 
2001 109000 9.68 
2002 91200 9.74 

Remark: * Source: (MAFF, 2002) and ** Source: (van Zelinge et al., 2001) 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.2: Pattern observed on relationship between total fishery catch from the lake 
and annual water level. 

_ _ _ catch and ___water level. A correlation coefficient of r1
2= 0.26 (F(1)=1, p= 0.31) 

and r2
2= 0.25 (F(1)=1.3, p=0.32), were found for linear and log-linear relationship of 

total catch and water level respectively.    
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1.3.Objectives of the dissertation 

 The effect of flooding on aquatic organisms can be particularly strong in 

lowland floodplain river systems. Floods stimulate remineralization of nutrients as 

well as primary and secondary production in floodplain habitats (Winemiller, 200?). 

The effects of flooding on some fish species may be indirect and a persistence of 

information exists in the system so a “good” flood can project benefits for up to seven 

years into the future, despite the succession of hydrological events in the intervening 

years (Welcomme, 1995). 

 Van Zelinge et al. (2003) suggested that nutrient load brought by the Mekong 

River provides the nutrient necessary for the food chain in Tonle Sap Lake. The 

nutrients support the phytoplankton and the phytoplankton are intensively grazed by 

zooplankton and fish, which means blooms do not occur in the Tonle Sap Lake (van 

Zelinge et al., 2003). The food web relationships in the lake seem to provide a better 

insight into the fishery productivity of the lake. 

 Analysis of the relationship between fish production and water levels are based 

on catch statistics, not on the fish productivity. Sustainable fisheries management for 

the Tonle Sap Lake requires a thorough understanding of the dynamics of fish stock in 

response to change of flood regime because the change of natural flood regimes affect 

system productivity, reproduction and population dynamics of aquatic organisms, and 

consumer-resource interactions. Though the qualitative impacts of change in flood 

regime on the Tonle Sap’s fishery production have been considered, quantification of 

the impacts has not been done. Thus, the main assumption has been that flow change 

will negatively affect Tonle Sap’s ecosystems productivity. 

 The goal of this research is to quantify the impacts of changing the Tonle Sap’s 

flood magnitude, which is defined as the water level in October, on the fishery’s 

biological and economic production. Given this goal, the objectives of the research 

are to:  

 

1). How does the flow change affect the in-lake planktonic ecosystems? 

2). How does the resulting change in the planktonic population affect the fish 

stock of the lake? 

3). What is the potential net return of the lake fishery for the baseline scenario? 

4). What is the potential net return of the lake fishery with a change in flood 

regime scenario? 
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 To answer the four main objectives, the dissertation uses a research 

methodology called System Dynamics (SD) as a core modeling methodology to 

integrate the relevant literature/models from hydrological, ecological and economic 

sciences into a defined system of interest for simulation and analysis. The research 

schema for the work-flow and the linkages among sub-components of the system in 

this study is shown in figure 1.3 and 1.4. The details of the characteristics of the SD 

methodology are provided in section 1.4 below. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

   

 

 
Figure 1.3: Research schema for the work-flow of the study 

 

 

Ecological modeling  
Objective 

• Examine behavioral response of fish 
stock to alteration of flood magnitude 

Task 
• Model interactions of nutrient, 

phytoplankton, zooplankton and fish 
• Simulate and test the model under 

varying assumptions  
• Simulate the model with external 

force (flood magnitude alteration) 
 

Bioeconomic modeling  
Objective 

• Assess economic impact of alteration 
of flood magnitude on Dai fisheries 

Task 
• Review the current practice of Tonle 

Sap fisheries management 
• Formulate profit maximization 

problem of the fishery  
• Simulate the model with variation of 

flood magnitude 

OVERALL GOAL:  

• Valuate impact of alteration of flood 
magnitude of lake Tonle Sap on its 
fishery productivity  

Driving force 
• Nutrient from Tonle Sap 

river and within the lake 
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Figure 1.4: Research schema showing simplified linkages of sectorial components 

 

 

1.4.Outlines of the dissertation 

 This dissertation is divided into five chapters.  The first chapter provides a brief 

description of the characteristics of Tonle Sap flood plain lake, the problems that may 

affect the ecosystem’s productivity, the motivation behind this research, the research 

schema overview for the research work and the System Dynamics methodology that is 

used to develop structure, analyze and simulate the feedback dynamic problems in 

this research work and how the dissertation is organized. The second chapter provides 

an overview on various total phosphorus (TP) models and presents an appropriate TP 

model for Tonle Sap Lake. The third chapter presents a comprehensive 

biogeochemical model of fish production for the Lake. The aim of this chapter is to 

better understand the behavioral response of the fish stock when the flood regime of 

the Tonle Sap is altered. The fourth chapter focuses on the bioeconomic model of 

flood-fisheries system linkages. The fifth chapter synthesizes all the findings from 

previous chapters, documents the research conclusions and the limitation of the 

models developed in this research and presents suggestions for future research. 
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1.5.System Dynamics (SD) Methodology 

1.5.1. Overview 

 SD was created in the 1950s by Jay Forrester based on some major concepts 

from various disciplines, including: (1) feedback and self-regulation from control 

engineering, (2) the nature of information and its role in control systems from 

cybernetics, and (3) human organizations and human decision-making from 

organization theory (Sushil, 1993). Forrester combined these concepts to develop a 

guiding philosophy and a set of tools for analyzing complex nonlinear, multi-loop 

feedback systems through simulation. This philosophical underpinning makes SD 

suitable for a wide range of applications to solve real world problems. According to 

publications listed in the webpage of the System Dynamics Society (SDS), SD has 

been applied to a wide range of fields such as biology, ecology, economics, education, 

engineering, medicine, public administration and policy design, law, business 

administration, psychology, sociology, the military among others. The full discussion 

about the strength and weakness of this methodology can be found in (Sushil, 1993) 

and (Sterman, 2000), among others. 

 Many problems that SD effectively addresses are characterized by an unstable, 

non-linear, self-limiting behavior, or in short, complex behavior. Complex behavior is 

a typical characteristic of many natural phenomena in the universe. Complex behavior 

can never be generated, without exogenous assistance (the endogenous origin of cause 

concept) from a linear feedback model. A typical control model, which harkens back 

to the fact that control theory is the parent program of SD, will involve linear 

feedback because most engineering applications do not exhibit complex behavior. 

Forrester (1968) had to step out of the linear world into the nonlinear universe to be 

able to address the real world problems that exhibit complex behavior. No static view 

of the feedback loops of the model is therefore sufficient. Feedback loops must 

change their relative strength of influence endogenously as conditions (states) change 

to generate complex behavior. In SD terminology, the ability of the model to 

endogenously shift is called dominant loops. Dominant loops are loops that are 

primarily responsible for the behavior of the model over an interval of time. Loop 

dominance usually shifts among a number of loops in the course of time. For 

example, the self-limiting behavior or the so-called S-shaped behavior can be 

generated by two coupled feedback loops. One loop is positive and the other one is 

negative. In the beginning the positive feedback loop might be dominant and this 
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generates the exponential growth behavior and then, as the model changes its state, 

the negative feedback loop dominates and the saturation behavior results. The 

endogenous shift in loop dominance takes place as a consequence of nonlinearities in 

the equations defining the model's structure. If these equations were linear, no such 

shift in loop dominance would occur, and only one fixed set of loops will 

continuously dominate the model. In SD, models are expected to change their 

dominant structure over time. Consequently, the focus is on nonlinear models 

(Forrester, 1987).  

 The basic structure of a SD system and the behavior it can produce are based on 

three underlying concepts: 

 

 1) feedback loop and causality. The feedback view of SD can be seen as a 

consequence of the closed causal boundary and the endogenous concept. A common 

feature of a feedback loop is the presence of delay in the flow of information and 

material throughout the loop. For example, the release of water from a tab does not 

immediately fill a container, and planted crops cannot be immediately be harvested. 

Delays have a tendency to dramatically change the behavior of the model. “Delays are 

crucial in creating the dynamic characteristics of information feedback systems” 

(Forrester, 1961). The delay in a negative feedback loop can exhibit oscillating 

behavior, and usually attenuate the amplification power of a positive feedback loop. It 

should be noted that according to Babbie (1998), in traditional science, only 

relationships satisfying all three criteria are recognized as causal (1) the cause 

precedes the effect in time, (2) there is an empirical correlation between them, and (3) 

the relationship is not found to be the result of some third variable. 

 

 2) accumulation is a fundamental process in Nature. "Nowhere does Nature 

differentiate; in real systems, dynamic change arises only from accumulation, that is, 

integration” (Forrester, 1980). Thus, the focus is on the accumulation (integration) 

process, rather than the differentiation process. 

 

 3) endogeneity dictates the root causes of a "solvable problem" associated with 

a particular system are contained within the internal structure of the system itself. A 

solvable problem means that behavior can be adjusted or controlled by human 

intervention. As long as the problem is solvable, then the root causes of the 
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problematic behavior are not a consequence of unavoidable exogenous disturbances, 

but rather arise from the complex relationships of the structure of the system.  This 

concept is the main focus in SD modeling. The endogenous concept necessitates the 

presence of a closed causal boundary for the system. This closed boundary separates 

the dynamically significant inner workings of the system from the dynamically 

insignificant external environment.  

  

 System Dynamics seems unique and different in some aspects from general 

system theory. In general system theory, a closed system is defined as a materially 

closed one, and in SD a closed system is defined as a causally closed one. A system 

dynamist looks for the boundary that encompasses the smallest number of 

components within which the dynamic behavior of the problem is generated. Problem 

focus acts as a critical filter that screens out unnecessary details and focuses attention 

on the significant aspects of the system.  

 SD modeling is also significantly different from other modeling methodologies, 

such as traditional economic modeling (Radzicki, 2007) and conventional 

management science modeling (Sushil, 1993). SD is less dependent on quantitative 

data than some alternative modeling methodologies. This may explain why 

economists and conventional management scientists have been extremely critical of 

some SD models of economic and managerial systems. For example, Forrester’s 

“World Dynamics, 1971” and Meadows at al.’s “Limit to Growths, 1972” models are 

all major SD publications that produce interesting results that have come under attack 

by various authors. One of the harshest critics of the World Dynamics model is also 

(Nordhaus, 1972) the largest critic of the Limit to Growth (Nordhaus, 1992). 

Management scientists (Ansoff & Slevin , 1968) also critize Forrester’s (1961) 

industrial dynamics work. One of the most common complaints was that the 

parameters of these models had not been estimated econometrically. However, studies 

have shown that under almost all conditions, econometric techniques were unable to 

accurately recover the model's parameter values (Radzicki, 2004). Any small amount 

of measurement error or noise generated by the model, or any small amount of 

uncertainty or noise being added to the model's structural equations will make 

accurate and consistent parameter recovery nearly impossible (Radzicki, 2004). This 

suggests that econometric parameter estimates of a SD model may not be necessary. 

This may be interpreted to mean, albeit incorrectly, that SD is not well grounded 
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theoretically. According to Forrester (1968), SD is a theory of system structure and of 

dynamic behavior in systems, not a theory limited to the description of a single 

system. SD does enable the creation of high-quality theory and formal SD modeling 

that is considered to be theoretical (Schwaninger & Grösser, 2008). 

 

1.5.2. Previous application of SD 

 SD pays attention to modeling the structure generating the problem behavior 

distinguishes SD from the empirical or black-box approaches based on statistical 

extrapolation from data. The focus that SD puts on modeling of a particular behavior 

rather than the system itself makes it different from the theoretical, mechanistic, first-

principle or white-box approaches. SD has much in common with phenomenological 

modeling in natural and social sciences (Turchin, 2003) and grey-box modeling in 

engineering sciences (Bohlin, 2006). With such a characteristic, applications of SD to 

solve real world complex dynamic problems are numerous with the most widely 

known applications of this approach appearing in World Dynamics by (Forrester, 

1970) and The Limits to Growth by (Meadows, et al., 1972). These publications 

present large-scale SD studies, which relate populations, industrialization, natural 

resources, food, crowding, and pollution to present theory of men in the world 

ecology. The interest and controversy associated with these publications has been 

examined in the literature (Sushil, 1993) and (Radzicki, 2004). Some have concluded 

that the Limits to Growth’s prediction was proven wrong by subsequent events 

(Costanza, 2006) and as a result, the interest in SD declined and in recent years it has 

come to the forefront again (Mingers & White, 2009). The Limits to Growth’s 

forecast made in 1972 is on target to date (Costanza, 2006). Though SD has been 

widely applied to a very wide range of problems, SD seems the most effective in 

dealing with problems in which dynamic feedback loops and time delays play 

significant roles in the system (Sushil, 1993). 

 Different modeling paradigms are based on different problem definitions; 

follow different procedures; and use different criteria to evaluate the results. 

Paradigms shape the way modelers see the world and thus influence the content and 

shape the models (Meadows & Robinson, 1985). In SD modeling, the 

conceptualization of feedback models is more crucial than estimating parameter 

values precisely. Also, SD modeling predicts future states by showing feedback 

mechanisms among the system components rather than forecasting future states using 
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time series data (Choi, 1997). Thus, SD modeling is less dependent on the accurate 

estimation of parameters. According to Wu and Vankat (1991), SD is especially 

appropriate for a study aimed at maximizing the utilization of the ecological data by 

incorporating qualitative information so that a complex, imprecisely defined 

ecological system can be studied quantitatively, effectively, and comprehensively. 

These characteristics match well with the problem presented in this research. The 

features of SD and the way an SD model is conceptualized make this methodology 

particularly appropriate for this research because time series data for many variables 

needed for this analysis do not exist. 

 

1.5.3. Validation of a SD model 

 Among the many different modeling methodologies, there is little agreement 

about what good validation is or ought to be. Model validation is an important, yet 

controversial aspect of any model-based methodology in general, and system 

dynamics (SD) in particular. Validity of the results in a model-based study is crucially 

dependent on the validity of the model. Yet, there is no single established definition of 

model validity and validation in the modeling literature. Validation is a prolonged and 

complicated process, involving both formal/quantitative tools and informal/qualitative 

ones. 

 Many papers were written about validating a SD model Richardson and Pugh, 

1981; Wolstenholme, 1990; Barlas, 1996; Coyle and Exelby, 1999; Sterman, 2000 

and Oliva, 2003 among others. However, the view on the validation of a SD model 

from these papers is very similar and we quote here only text from Richardson et al. 

(1981) who wrote: “In the system dynamics approach validation is an-going mix of 

activities embedded throughout the iterative model-building process. No single test 

suffices to validate a SD model or provide a measure of its degree of validity. An 

observer wishing to make a judgment about the validity of a SD study must follow 

much the same past as the modeler. There is no royal road to validation in the system 

dynamics approach.” In this regards, validation of the SD models is essentially a 

process of building confidence in soundness and usefulness of the model. It conflicts 

with the notion of validity as absolute truth. There is nothing like absolute validity of 

model as there can be no proof of the absolute correctness with which a model 

represents reality. By testing the SD models against diversity of empirical evidence, 

one develops more confidence in the model withstanding tests. Richardson and Pugh 
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(1981) also wrote the question of validity is more useful when translated into two 

questions: 

 

1) Is the model consistent with the slice of reality it tries to capture? 

2) Is the model suitable for its purposes and the problem it addresses?  

 

1.5.3.1.How to validate a SD model: theoretical concepts 

 The issue of validity of SD models has strong ties with philosophy of science 

issues (Barlas, 1996). This is due to the fact that SD models claim to be causal ones. 

A SD model is refuted if a critic can show that a model equation conflicts with a 

known causality, even if the output behavior of the model matches the observed 

problem behavior. This principle is known as right behavior for the right reasons. 

Clearly, no single test will be able to rule out all the possible alternative explanations 

(Oliva, 2010). It can be said that a valid SD model embodies a theory about how a 

system actually works in some aspects. Significance testing frequently used in 

validating models in social, behavioral and economic sciences has little relevance in 

SD model validation. One reason is that data generated by SD models are often 

autocorrelated and crosscorrelated. Traditional significance tests are all based on the 

assumption of independent data. Therefore, applying statistical tests to correlated data 

requires extensive model simplification, and or data transformation, frequently a 

complex problem in itself, sometimes with no satisfactory solution at all (Barlas, 

1996). The ultimate objective of SD model validation is to establish the validity of the 

structure of the model. Accuracy of the model behavior’s reproduction of real 

behavior is also evaluated, but this is meaningful only if we already have sufficient 

confidence in the structure of the model (Barlas, 1994). Thus, there are two major 

parts with logical order for testing SD model: First, the test of validity of the structure 

and second, the test of behavior accuracy. The detailed items/tasks to perform in each 

part of the tests could be found in Barlas 1999; Wolstenholm, 1990; Sterman, 2000. 

  

 Structure validity consists of direct structure tests and structure-oriented 

behavior tests: Direct structure tests assess the validity of the model structure, by 

direct comparison with knowledge about real system structure. This involves taking 

each relationship (mathematical equation or any form of logical relationship) 

individually and comparing it with available knowledge about the real system. 
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Examples of direct structure tests are structure and parameter confirmation tests, 

direct extreme-conditions test and dimensional consistency test. Structure-oriented 

behavior tests assess the validity of the structure indirectly, by applying certain 

behavior tests on model-generated behavior patterns. These tests involve simulation, 

and can be applied to the entire model, as well as to isolated sub-models of it. These 

are “strong” behavior tests that can help the modeler uncover potential structural 

flaws. Examples of structure-oriented behavior tests are extreme-condition test, 

behavior sensitivity test and boundary adequacy test. 

  

 Behavior validity: Once enough confidence has been built in the validity of the 

model structure, one can start applying certain tests designed to measure how 

accurately the model can reproduce the major behavior patterns exhibited by the real 

system.  It is crucial to note that the emphasis is on pattern prediction rather than 

point prediction. Furthermore, since such models, starting with a set of initial 

conditions, create the dynamic behavior patterns endogenously, it can be shown that 

even “perfect” structures may not yield accurate point prediction (Barlas, 1996). 

Finally, an overall summary statistic proposed by Sterman (1984) is used to compare 

between the results generated by the model and historical data. 

 

1.5.3.2.How to validate a SD model: Vensim application 

 Validating an SD model is a very time consuming process. There are so many 

tests to be performed. SD Software like Vensim helps users to a large extent facilitate 

the task. Vensim offers tools for a nice extreme-condition testing environment and 

full dimensional-consistency testing and parameter-verification support. Other tools 

for automated calibration and optimization are powerful. 

 When a SD model is structurally complete and simulates properly, calibration of 

the model can proceed. Calibration involves finding the values of model Constants 

that make the model generate behavior curves that best fit the real world data. It is 

possible to manually alter model Constants to try and achieve a better fit between real 

world data and simulation output. However, for a complex model with many 

Constants to optimize and many variables to fit, this is very time consuming. 

Calibration tool in Vensim can be efficiently performed to calibrate a SD model. 

 Calibration in SD modeling is part of model validation. Optimization in Vensim 

can be performed to calibrate a model and optimize a utility function (for example, 
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maximizing present value of net benefit of a project). The latter is called policy 

optimization. While calibration is common in SD modeling, policy optimization has 

not gotten a strong foothold, particularly when dealing with uncertain social systems. 

Uncertainties and the imprecision inherent in complex systems modeling make any 

claim of an “optimal” deterministic policy design unjustified. Also, in general, 

replacing random variables by their expectations will not lead to the appropriate 

decisions (Moxnes, 1990). However, optimal policies are often found in literature on 

natural resource economics and though some parts of this dissertation involve in 

policy optimization, the conclusions relative to optimal policy should be interpreted 

with care. 

 Parameter values for a SD model are normally estimated a priori from direct 

observations, educated guesses, and other sources of data. Calibration explicitly 

attempts to link structure to behavior, which is why it is a more stringent test than 

solely matching structure or behavior. Confidence that a particular structure, with 

reasonable parameter values, is a valid representation increases if the structure is 

capable of generating the observed behavior. State variables (phosphorus in sediment 

layer and phosphorus in water layer) in the models are main variables to be calibrated. 

The data on phosphorus published in literature and various sources together with the 

data from our survey will be used for the purpose. We start the simulation by using 

the mean values of the parameters and then we process to the calibration of the model. 

 A high degree of model uncertainty is also another challenging issue and an 

appropriate method for addressing it is needed. A simulation method called Monte 

Carlo is a feature included in Vensim. Monte Carlo simulation iteratively evaluates a 

deterministic model using sets of random numbers as inputs. This method is often 

used when the model is complex, nonlinear, or involves more than just a couple 

uncertain parameters. Monte Carlo simulation uses repeated replications, yielding 

averages based on several factors varying randomly and simultaneously. These 

averages may very well be different from a comparable run based on fixed expected 

values instead of statistical or probabilistic random values (Hagenson, 1990). 

 Monte Carlo simulation is also used for testing the sensitivity of the models. 

Sensitivity testing is the process of changing assumptions about the value of constants 

in the model and examining the resulting output. Manual sensitivity testing involves 

changing the value of a constant, or several at once, and simulating, then changing the 

value of the constant again and simulating again, and repeating this action many times 



 

17 

 

to get a distribution of output values. In Vensim, Monte Carlo simulation, also known 

as multivariate sensitivity simulation (MVSS), is automatic, and therefore performing 

Monte Carlo simulation in Vensim for a SD model is relatively straight-forward. 

Hundreds or even thousands of simulations can be performed, with constants sampled 

over a range of values, and output stored for later analysis. 

 In summary, the validation in SD approach is an ongoing mixed of activities 

embedded throughout the model building process. More importantly, because it is 

impossible to define an absolute notion of model validity divorced from its purpose, 

an important reason has to do with the relationship between the validity of a model 

and its purpose as Coyle and Excelby (1999) summarizes the point that validation is 

“the process by which we establish sufficient confidence in a model to be prepared to 

use it for some particular purpose.” 
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CHAPTER 2 

MODELING TOTAL PHOSPHORUS DYNAMICS OF TONLE SAP LAKE  

 

2.1.Introduction 

 The Tonle Sap Great Lake in Cambodia (Figure 2.1) is the largest freshwater 

lake in Southeast Asia and nourishes a community far larger than the 2.9 million 

Cambodians who live around it (Gill, 2004). It covers an area of, approximately 

250,000 ha during the dry season. However, during the monsoon season in June and 

July, the lake becomes like an ocean (Hand, 2003)and its area increases about five-

fold, with some 1.25 million hectares of forest and agricultural land being submerged 

beneath as much as 10 m of water for a period of several months each year (Lane and 

Neou, 2002). This unique hydrological cycle creates a rich biodiversity of fish, 

reptiles, birds, and mammals and saves large urban centers and vital infrastructure 

from flooding. The lake also serves as a giant nursery for the Mekong River. Fish 

spawned in the lake's flooded forests and vegetation during the monsoon migrate to 

the Mekong River in the dry season, traveling upstream possibly as far as the People’s 

Republic of China, as well as downstream to the Mekong Delta (Lane and Neou, 

2002). 

 The Great Lake is an integral part of the Mekong River. It serves to balance the 

annual floods from the Mekong River, one of the world’s longest waterways that 

threads through six countries of the Greater Mekong Sub-region, including Cambodia, 

People’s Republic of China, Lao People’s Democratic Republic, Myanmar, Thailand 

and Vietnam. The Tonle Sap Lake is believed to be among the world’s most 

productive freshwater ecosystems and the importance of the lake for Cambodia is well 

documented (Rainboth, 1996; Neou, 2001; Kite, 2001; Campbell et al., 2006; 

Keskinen, 2006; Keskinen, 2007; Kummu and Sarkkula, 2008 and Lamberts, 2008). 
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Figure 2.1: Map of Tonle Sap lake and its floodplain 

 

 Geologically, the Tonle Sap basin consists of recent sediments overlaying older 

bedrock which, in a few locations, project above the plains. The margins of the dry 

season lake are bordered by a low natural levee caused by sediment deposition as the 

waters rise during the wet season. The lake is very shallow in the dry season with an 

average depth ~0.5 m, exceeding 3 m in depth in a few locations. The mean depth at 

the height of the flood is less than 7 m. The changing water level has a number of 

consequences for the Lake’s chemistry and ecology. As the water level decreases 

during the dry season, turbidity increases, presumably because sediment from the lake 

bed is re-suspended as a result of wind-generated turbulence (Campbell et al., 2009). 

 The Tonle Sap is very rich in biodiversity, which many researchers believe is 

largely due largely to the annual flooding (Kummu and Sarkkula, 2008; Lamberts, 

2006; Lamberts, 2008and Keskinen et al., 2007). The annual flooding of the lake will 

be directly impacted by the construction of large hydropower dams and reservoirs in 

the upper reaches of the Mekong because around 60% of the Tonle Sap floodwater 

originates from the Mekong (Kummu and Sarkkula, 2008). Recently, concerns that 

development, such as dam construction, in the Mekong River Basin will affect the 
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flow of the river and the nutrient flow to the Tonle Sap ecosystem have increased 

(Lamberts and Koponen, 2008;Kummu and Sarkkula, 2008; and Kummu et al., 2005). 

 Kummu and Sarkkula (2008) compiled a cumulative impact assessment of the 

construction for large-scale hydropower dams and reservoirs in the upper part of the 

Mekong Basin on the flow of the Tonle Sap by reviewing major reports of the 

Mekong River Commission (MRC) and the Asian Development Bank (ADB). The 

model used by ADB predicts that over a 20-year time frame with the high 

development scenario, the maximum water level of the lake will be lowered by 0.36 

to 0.54 m and the minimum water level of the lake will increase by as much as 0.6 m 

(Kummu and Sarkkula, 2008). Many scientists have warned that the valuable 

biodiversity and natural capital of the Tonle Sap is susceptible to degradation when 

the floods that drive its productivity is altered (Kite, 2001; Kummu and Varis, 2007; 

Keskinenet al., 2007; Lamberts and Koponen, 2008; Kummu and Sarkkula, 2008; and 

Sarkkulaet al., 2009). 

 Baran et al. (2001) and van Zelinge et al., (2003) claim that Tonle Sap lake is 

among the most productive freshwater ecosystems in the world. However, these 

statements are based on the large fish catch, and not on production data for any 

component of the lake ecosystem. Campbell et al., (2009) argue with supporting 

evidence that many fish species in the lake derive their energy from phytoplankton 

and periphyton, with the smallest amount coming from terrestrial organic material, 

which is available for consumption during the inundation phase. Phytoplankton 

growth is largely dependent on the nutrient available in the lake. Becasue P is the 

limiting nutrient in the lake (Sarkkula et al., 2008), the river flow’s effect on the 

dynamics of the lake’s P needs to be understood. The goal of this paper is to evaluate 

the behavior and dynamics of total phosphorus (TP) in the lake for the baseline 

(BAU) scenario and the high development (HD) scenario. Baseline scenario (BAU) is 

referred to scenario in which development of the basin is at the current level. High 

Development (HD) scenario is referred to scenario in which 55 km3 of hydropower 

and irrigation dams in the Chinese Mekong mainstream and in the upstream Mekong 

tributaries are constructed. 

 

2.1.1. Some existing P models 

 Numerous attempts have been made to model TP concentration in lakes (Seo 

and Canale, 1996). However, the design and complexity of the models developed for 
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TP differ greatly. Some models are empirical and others are based on mass balance 

principles. Some models consider TP concentration alone, while others partition total 

phosphorus into dissolved and particulate components. Some models assume that the 

water column is completely mixed, while others may divide it into two or more layers. 

Many models are concerned only with the water column whereas others may consider 

explicit interactions between water and sediments. The phosphorus models reviewed 

here represent a few examples that range from extremely simple to very complex. 

Each model has advantages and disadvantages, which should be carefully considered 

prior to a specific application. 

 One of the main dilemmas in building dynamic models of environmental or 

ecological systems is the level of detail and complexity. Seo and Canale (1996) 

evaluated eight TP models of varying degrees of complexity, including models with 

routines for sediment exchange and division of TP into dissolved and particulate 

fractions. Their results indicated that allowing for seasonal variation of diffusion from 

sediments and sedimentation is crucial for successful modeling. However, while 

introducing new processes or compartments may increase the predictive power to 

some degree, the number of unknown parameters will also increase, as well as the 

total model uncertainty (Malmaeus and Hakanson, 2004). Although simple models 

may have limited predictive value, complex models are difficult to apply and may 

actually increase uncertainties of model predictions (Beck, 1981; and Wang et al., 

2003). On the other hand, complex models are not necessarily better than simple ones 

(Jørgensen et al., 1982). 

 Thus, the level of complexity chosen is largely dependent on the purpose of the 

model. Omitting or over-simplifying an important process necessarily creates a need 

for compensation somewhere else in the model. The model may become more or less 

powerful as a predictive tool and less useful in mechanistic and explanatory contexts. 

Both Malmaeus and Hakanson (2004) and Seo and Canale (1996) highlighted some of 

the issues involved in making an informed selection of a phosphorus model, including 

the: (1) purpose of the model application; (2) dynamics and mechanics of the 

expected phosphorus concentration changes; and (3) data availability for inputs, lake 

conditions, and model coefficients. Not all published models are considered in this 

paper. Rather, the objective of this paper is to develop and demonstrate a 

methodology for a working phosphorus model of Tonle Sap Lake. 
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 Various researchers have examined the nutrient balance using a one-box model 

for lakes. Vollenweider (1969) showed that in an advanced form, a model could lead 

to an equation connecting mean nutrient connections to a few relevant lake 

parameters. That model was designed as a simple eutrophication model, which 

assumed complete mixing and accounts for input and output to the lake with a net loss 

of phosphorus to the lake sediment. Vollenweider (1974) later showed that if the rate 

of natural and man-made phosphorus inputs to lakes and the sedimentation rates are 

known, then the system response to phosphorus loadings can be estimated. These 

models were developed using data from predominately deep temperate lakes and the 

impacts of internal phosphorus cycling and the expedited metabolic rate of shallow, 

tropical/subtropical lakes were not considered. Hence, the application of this 

modeling approach to tropical/subtropical shallow lakes to predict the recovery of 

lake systems after reduction of external phosphorus loadings will underestimate actual 

recovery times (Ruley and Rusch, 2004). 

 Although these models have proven successful in some lakes, they often fail to 

predict lake phosphorus concentrations in many types of lakes. However, 

understanding when they work and when they do not is not a trivial matter (Malmaeus 

and Hakanson, 2004). Other similar model approaches can be found in the literature. 

For example, Dillion and Rigler (1974) modified Vollenweider’s model by 

calculating a phosphorus retention coefficient from all known inputs and outflows in 

order to eliminate the need to measure the sedimentation rate. The model only 

considers steady-state conditions, however, and thus cannot be used to study seasonal 

variations, which are clearly very important in the Tonle Sap system. Since few lakes 

approach steady state conditions but rather are seasonally dynamic, the modeling 

approach has limitations. 

 The completely mixed system assumption used in the models described above is 

probably violated in many lakes, particularly during summer stratification when 

mixing between epilimnion and hypolimnion is limited by the thermocline. Thus, 

Imboden (1974) and Snodgrass and O’Melia (1975) have suggested two-layer lake 

models with dual phosphorus components. Their primary concern is that disregarding 

the vertical variation of phosphorus concentration may produce oversimplified and 

misleading models. In their approach, vertical transport of phosphorus by eddy 

diffusion has been taken into account. Imboden’s model also includes phosphorus 

exchange with sediments. The exchange term, however, must be determined a priori 
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and is described by a constant phosphorus flux at the sediment-water interface. This 

representation may not approximate the long-term sediment-water interactions 

adequately since the exchange may depend on physical-chemical conditions in both 

the water and the sediments that may change seasonally or on even shorter time 

frames. 

 Lorenzen et al. (1976) modeled sediment-water interactions dynamically, with 

particulate-P and pore water TP in sediments considered to be a direct source for 

phosphorus release. Chapra et al. (1991) developed a model that considers sediment 

release of phosphorus under anaerobic conditions. They assumed that the release of 

phosphorus is a function of the sediment TP content, dissolved oxygen and 

temperature at the lake bottom. The sediment system is coupled with the lake system 

by releasing sediment nutrients as nutrient input to the water from other sources 

decreases. In recent decades, researchers Van Eck and Smits (1986), Boers and Hese 

(1988) and Ishikawa and Nishimura (1989) used mass transport and balance 

considerations within the sediments to study phosphorus distribution profiles and 

consequently release fluxes. The method also includes more detailed processes such 

as phosphorus regeneration rates from organic matter decomposition. Release of 

phosphorus from sediments, however, is a process that varies both temporally and 

spatially. Most developed models have resulted in a constant flux of phosphorus 

under steady-state conditions, which limits the application of these models for the 

dynamic predictions needed for the Tonle Sap situation. The steady-state approach 

delivers realistic results for equilibrated systems, but has proved impractical for 

predicting results of lake management applications. Approaches based on the 

Lorenzen et al. (1976) model are thought to more accurately reflect the effects of 

phosphorus retention and the importance of phosphorus release from sediments, 

especially in shallow lakes (Ruley and Rusch, 2004). 

 An early multi-layer sediment model to simulate phosphorus dynamics in 

sediments was developed by Lung et al. (1976) by dividing the lake water–sediment 

systems into a water column with two layers and sediments into 38 layers with a fixed 

thickness of 1 cm each. Since the model did not consider aerobic and anaerobic 

conditions in sediments, the effect of dissolved oxygen in sediments on phosphorus 

dynamics is limited. The interaction between sediments and the overlying water 

occurs is generally thought to be mainly in the uppermost active layer of ~10 cm or 

less (Wang et al., 2003). 
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 A more sophisticated phosphorus model of the sediment-water interface with 

detailed mechanisms can be found in Smits and Van der Molen (1993). The model 

describes the dynamic exchange of nutrients between sediments and the overlying 

water by dividing the shallow portion below the water-sediment interface into four 

sub-layers as aerobic, oxidized, reduced and lower layers in relation to vertical 

differences in physical characteristics of the sediments. However, a major 

disadvantage of this model as noted by Wang, et al. (2003) is that a detailed division 

of sediment layers may complicate the model without proportionally improving its 

performance. Moreover, most of model parameters cannot be estimated 

experimentally. 

  Scheffer (2004) argued that in shallow lakes extensive exchange occurs between 

phosphorus in the water column and phosphorus in the sediments, while a substantial 

part of the relevant available phosphorus pool in such lakes is present in the sediment 

rather than the water column. In general, a number of processes are involved with the 

transformation of phosphorus between the particulate and the dissolved forms. The 

typical processes include oxidation and breakdown of organic material, oxidation and 

reduction of associated inorganic species (e.g., Fe, Mn), physio-chemical adsorption, 

precipitation and solution of phosphorus to and from mineral forms. For most of these 

processes, complete theories and detailed descriptions including the kinetics of the 

reactions are still lacking. Thus, this paper considers a simpler representation of 

phosphorus dynamics in sediments as modeled by Lung, 1976. 

 

2.2.Methods 

 Monsoon floods from the Mekong drive the hydrology of Tonle Sap Lake. The 

main portion of the in-flow to Tonle Sap Lake is coming from the Mekong River 

directly through Tonle Sap River that connects the lake to the river. However, 

relatively small tributaries and over-land flow through the floodplain also contributes 

to the wet season water inflows. However, due to the complex system of river, lake 

and floodplains, these small tributaries are not discussed here. 

Phosphorus dynamics in the lake is dependent on the inflow and out flow of 

phosphorus into and out from the lake and the loss to the sediments and release from 

the sediment and a conceptual model (Figure 2.2) is shown that illustrates the 

principal inputs and outputs of TP that are considered in the model. To understand the 

dynamics of total P in the lake Tonle Sap, a dynamic model based on ordinary 
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differential equations was developed based upon the hydrological and ecological 

characteristics of the lake. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.2: Diagramatic representation of phosphorus dynamics in the lake 

 

 Model developed in this chapter is a modification of Lorenzen et al.’s (1976) 

and DeAngelis’s (1992) models. The model was calibrated by comparison to a one-

year of water quality data that are available for Tonle Sap. A mass balance of both 

sediment and water TP concentrations yields the following coupled differential 

equations: 
 

     (2.1) 

     (2.2) 

 

The explanation of these parameters and coefficients in the equations is given in 

Table 2.1. Equation (2.1) states that the rate of change of P mass in water is equal to 

the input rate from water inflow minus the loss rate from water outflow minus the 

deposition rate to sediment plus the regeneration from sediments. Equation (2.2) 

proposes that a nutrient’s rate of change for the available form in the sediment is 

equal to the input due to sediment deposition from the water column minus the rate at 

Reversible 
Adsorption 

kuVAC 

Irreversible 
Adsorption 

vAC AksCs WATER, C 

Q2C Q1C1 

SEDIMENT, Cs 
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which P becomes permanently unavailable minus the loss due to regeneration into 

water column. Both equations (2.1) and (2.2) are written to show that both the TP 

concentration and the volume of the lake (V) change over time, a critical factor in the 

case of Tonle Sap Lake. Some authors, without precisely mentioning steady-state 

conditions, setup mass balance equations with the notation in the form of VdC/dt 

rather than dCV/dt. These two terms are equal only when V is constant. 

The inflow and outflow rates used in the model developed here are based on the 

estimates obtained from a group of hydrological modelers (Kummu et al., 2006) who 

have authored several technical papers on the hydrology of Tonle Sap for the MRC 

under the Water Utilization Program. They explicitly take into account factors 

contributing to the water balance of the lake including overland flow, rainfall, 

evaporation, flow from/to the Tonle Sap River and tributaries to develop an inflow-

outflow rate curve for Tonle Sap Lake. 

 The TP model built in Vensim, a software program that facilitates one to 

conceptualize, document, simulate, analyze and optimize models of dynamic systems 

(Ventana Systems, 2010). The model was run over a period of ten years with one 

month time step in order to capture several years of wet-dry cycles. Because much of 

calibration data used in this paper is based on 12-month time series data initiated in 

April 2001, that month was chosen as the starting point for the model. 

 

 

Table 2.1. Notation in TP model equations 
Symbols Description Unit 

Q1 

Q2 

C1 

C 

v 

A 

Cs 

ks 

ku 

V 

Vs 

Inflow rate of water to the lake 

Outflow rate of water from the lake 

TP concentration in inflow 

TP concentration in the lake 

Apparent settling rate of particulate-P 

Surface area of the lake* 

Particulate-P concentration in sediment 

Release rate of phosphorus from the sediment 

Non exchangeable fraction of TP input to the sediment 

Volume of water in the lake  

Volume of the sediment in active layer 

L/month 

L/month 

mgP/L 

mgP/L 

m/month 

m2 

mgP/L 

m/month 

dmnl 

L 

L 

dmnl = dimensionless 
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Some concern exists about the volume of sediment entering Tonle Sap Lake 

because some areas in the lake have become shallower and are now scarcely 

navigable in the dry season. Much of the sediment in the lake is deposited close to the 

dry season shoreline. Presumably, the floodplain vegetation reduces turbulence within 

the water column and emergent vegetation reduces surface wind velocity and 

sedimentation is enhanced (Campbell et al., 2009). The precise rate at which sediment 

is accumulating in the lake is not well known, and estimates vary dramatically. 

Carbonneland Guiscarte (1965) proposed a sedimentation rate of 0.3 mm/year. 

However, Gartrell (1997) reported a sediment accumulation rate as high as 40 

mm/year and Sluiter (1993), without any form of substantiation, stating “in the 1960’s 

the bottom of the lake was rising two centimeters every year, and by 1990 this rate 

had increased to four centimeters per year.” These inconsistent reports of the 

sedimentation rate in the lake led to a more recent study. Kummu et al. (2008) 

concluded that average sedimentation rates between dated horizons within four cores 

taken from the lake ranged between 0.05 and 2.55 mm/year with a long-term average 

of 0.66 mm/year across the lake basin. They also calculated an average sedimentation 

rate of 0.27 mm/year assuming that sediment supplied by the Mekong River via the 

Tonle Sap River settled out evenly over the entire lake including the floodplain area. 

However, sediment does not settle out evenly throughout the lake. Instead, it is 

trapped primarily by the vegetation at the lake edge and in the floodplain. Kummu et 

al. (2008) further pointed out that some of the claims about sedimentation rate in the 

literature are dubious or based on a misinterpretation of exploratory work, which have 

proved inconclusive and misleading. Table 2.2 compiled previous estimate of the 

sedimentation rate of the Tonle Sap Lake. 

 

 
Table 2.2. Sedimentation rates reported for Tonle Sap Lake. 

Value Unit Source 
0.3 

 
40 
 

20-40 
 

0.05-2.55 

mm/year 
 

mm/year 
 

mm/year 
 

mm/year 

(Carbonnel and Guiscarfe, 1965) 
 
(Gartrell, 1997) 
 
(Sluiter, 1993) 
 
(Kummu et al., 2008) 
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 The contact area between water and sediment is assumed to be equal to the lake 

area. This assumption is reasonable because as the lake area, based on Kummu’s 

(2010) data, increases ~6 times (2.38 x 109 m2 to 14.4 x 109 m2) from the dry to the 

flood stage, the volume increases ~40 times (1.79 x 109 m3 to 68.9 x 109 m3) over the 

same period and the lake has relatively flat bottom (Campbellet al., 2009).  Thus, the 

slope of the Tonle Sap banks is high enough to be considered vertical for purposes of 

the model. The water level measured and the corresponding surface area and volume 

of the lake calculated over this one-year period are presented in Table 2.3. The TP 

concentrations in Tonle Sap Lake at station KGL2 (N: 12.66o and E: 104.23o) and the 

TP concentration in the Tonle Sap River at station KCH1 (N: 12.26o and E: 104.68o) 

are presented in Table 2.4. 

 

 

Table 2.3. Seasonal level, area and volume of the lake Tonle Sap  
Month Water Level  

 (WL) (m) 
Lake Area  
(LA) (m2) 

Lake Volume  
(LV) (l) 

Apr-01 1.46 2.38E+09 1.79E+12 
May-01 1.73 2.70E+09 2.34E+12 
Jun-01 3.79 5.30E+09 1.00E+13 
Jul-01 6.56 9.19E+09 3.01E+13 

Aug-01 8.79 1.27E+10 5.45E+13 
Sep-01 9.87 1.44E+10 6.89E+13 
Oct-01 9.38 1.36E+10 6.22E+13 
Nov-01 8.29 1.19E+10 4.84E+13 
Dec-01 6.12 8.54E+09 2.62E+13 
Jan-02 4.41 6.13E+09 1.35E+13 
Feb-02 2.98 4.24E+09 6.26E+12 
Mar-02 1.98 3.00E+09 2.94E+12 

Source: (Kummu, 2010) 
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Table 2.4. Seasonal level of TP in Tonle Sap Lake and Tonle Sap River 
Month TP at Tonle Sap 

River (mgP/L) 
TP at Tonle Sap Lake 

(mgP/L) 
Apr-01 0.070 n.a 
May-01 0.060 n.a 
Jun-01 0.061 0.061 
Jul-01 0.017 0.016 

Aug-01 0.011 0.014 
Sep-01 0.010 0.009 
Oct-01 0.008 0.005 
Nov-01 0.012 0.007 
Dec-01 0.009 0.019 
Jan-02 0.018 0.012 
Feb-02 0.019 0.024 
Mar-02 0.027 0.013 

Source: (Kummu, 2010)    na = not analyzed 
 

  

 Plotting the data for water level, lake area and lake volume reveals that it fits 

sinusoidal functions very well. The form that fits the function for the water level (F1), 

the lake area (F2) and the lake volume (F3) are presented below.  

 

 

      (2.3) 

        (2.4) 

        (2.5) 

Where t is time, w is the water period and f1, f2, f3, f4 and f5 are all fitting 

constants (Table 2.5). Figures 2.3, 2.4 and 2.5 display the model fits relative to the 

observed data. 

 

 
Table 2.5. Constant values of the fitting functions 
Fitting constants value unit 
f1 4.177 m 
f2 5.457 m 
f3 2.552 month 
f4 1.44e+009 m 
f5 7.11e+008 m 
w 12 month 
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Figure 2.3: Curve fitting to the water level data 

 

 

 

 

Figure 2.4: Curve fitting to the lake area data 
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Figure 2.5: Curve fitting to the lake volume data 

 

 

2.3.Simulation results 

 Three parameters: v, the particle settling rate; ks, the phosphorus regeneration 

rate and ku, the TP burial fraction, used in the model have not been measured for 

Tonle Sap Lake. These parameters are very difficult to be measured because of the 

contraction-expansion characteristics of the lake. The range of values for these 

parameters found in the literature (Table 2.6) are used as inputs to calibrate the 

parameters to obtain a good fit to the measured TP concentration of the lake.  

After the calibration runs, TP as generated by the model best fits the historical data 

when v = 1 m/month, ks = 0.0009 m/month and ku = 0.3. The ku value is lower than 

that 0.6 estimated for the P model of Lake Washington as developed by Lorenzen et 

al. (1976). According to studies on P release from sediment in shallow lakes in the 

middle and lower reaches of Yangtze River area in China, over 80% of P in the 

sediment in shallow lakes in the area can be released easily (Wang et al., 2006). This 

means that the burial fraction of TP in shallow lake may not be high. Thus, the ku 

value calibrated by the model is reasonable. These calibrated values are assumed 

constant while performing the test of the impact of changing flood magnitude on the 

dynamics of total P of the lake. Two cases are considered here: one is the behavior of 

total P under a complete deterministic frame work (no variation of flood magnitude) 

and the other one is the behavior of total P under the stochastic variation of flood 

magnitude. 
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Table 2.6. Range of values of v, ks and ku 

Parameter Value Unit Source 
v 3-12 m/month (Imboden, 1974) 
 3-8  (Snodgrass et al., 1975) 
 0.42-1.67  (Chapra, 1997) 
    

ks 0.001 m/month (Lorenzen et al., 1976) 
 0.00041-0.0009  (Chapra et al., 1991) 

ku 0.6 dmnl (Lorenzen et al., 1976) 
 

 

2.3.1. Behavior of TP under deterministic case 

 In this case, assumption is made such that there is no variation of the flood 

magnitude over the course of simulation and the annual flood magnitude is the same 

as the sample year of 2001/2002. Figure 2.6 shows the long-term predictions of the 

model under such assumptions together with actual TP measurements (Sarkkula et al., 

2010) for comparison. 

 
Figure 2.6: Behavior (under deterministic case) of the TP under current conditions, a 
“business as usual” (BAU) scenario. The starting point (0 on x-axis) is April 2001. 

The dual TP peaks that occur each year in about mid-March (near end of dry season) 
and July (wet season) may be in response to different sources of TP during different 

hydrologic conditions. 
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 The behavior of total P is also investigated under the HD scenario. Under the 

HD scenario in the Mekong Basin, all hydrological models described in (Kummu and 

Sarkkula, 2008) showed a decrease in the maximum water level in the lake from 0.3m 

to 0.6m. Average value (0.45 m) is used in this deterministic case. The hydrological 

behavior of the lake under such an assumption was formulated as shown in equation 

(2.6) and the corresponding graph is shown in Figure 2.7.  

 

  (2.6) 

 

Figure 2.7: Water height under a high development (HD) and BAU scenarios. 

 

 

 Equation (2.6) is used as a function to test the deterministic system that has 

been set up to see the behavioral response of the total P in the lake under the HD 

scenario. Figure 2.8 compares the dynamic behavior of TP of Tonle Sap Lake for the 

current and HD scenarios. The simulation results show that for the HD scenario, the 

TP peak concentration of the lake would decrease although the basic cyclic behavior 

does not change significantly. 
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Figure 2.8: Behavior of the TP under both BAU (current) and HD scenarios (run1). 

 

2.3.2. Behavior of TP under stochastic case 

 Stochastic flood magnitude of the lake is expected because of annual variations 

in rainfall, river stage, wind and weather conditions (Seo and Canale, 1999). In this 

section, the stochastic restriction for the variation of the flood magnitude is removed 

and a stochastic TP model was developed for the Tonle Sap lake using deterministic 

framework from equation (2.1) and (2.2) and Monte Carlo simulation techniques. This 

stochastic model performed repetitive calculations while randomly changing the 

values of the maximum water level. Monte Carlo simulations were performed using 

1000 random selections from the stochastic distribution of the amplitude. Simulation 

results from the stochastic TP model showed the significance of the annual variations 

due to uncertainty in water level. However, the overall behavior of the stochastic 

model was not significantly different from what generated by the deterministic model. 

So the TP model tends to be relatively robust (Figure 2.9). 
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Figure 2.9: Behavior (stochastic case) of the TP under stochastic variations of 

coefficients and amplitude of the hydrograph 

 

 

• Is human waste from the lake a large driver for P? 

 

It is likely that amount of P from the human waste in the Tonle Sap area is not 

as large as P inflowing to the lake from the Tonle Sap river (Per. Com. with Professor 

William Burnett). However, this section investigates this issue by modifying equation 

(2.1) of the model to include P from waste of human in the Tonle Sap area. The 

surface area of Tonle Sap lake is seasonally dynamic. So even with such an 

assumption that population density in Tonle Sap area is constant, human waste 

generated by the human population in the area changes seasonally and so does the 

inflow of P to the lake from the human waste. Taking this into account, the inflow rate 

of P from the human waste to the lake is formulated as follows: 

 

  (2.7) 
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Where 

 PHumanWaste: Phosphorus generated by population in the lake area (mgP/day)  

 A: Seasonal surface area of the Tonle Sap lake (km2) 

 PopDensity: Population density in the Tonle Sap area (Person/km2)  

PHumanWastePerCapita: Phosphorus content in human waste per capita per day 

(mgP/Person/day)    

 

Population density in the Tonle Sap area is 79.7 person/km2 (Keskinen, 2009) 

and phosphorous content in daily human waste generated by a person is 1.5 

g/person/day (Were, 2010). The equation (1) is modified to be  

 

  (2.8) 

  

 Simulations of the model with the human waste component added show that the 

dynamic behavior of the total P in the lake is very similar to that without this 

component added (Figure 2.10). So, it can be said that human waste may not be a 

significant driver of P for the Tonle Sap lake. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 2.10. Behavior of the TP with phosphorus from the human waste included in 

the model structure 
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2.4.Conclusion 

 A relatively simple mass balance model has been shown to be capable of 

simulating long-term TP concentrations in Tonle Sap Lake. The calculated results are 

generally in agreement with actual reported concentrations over a one-year period.  

The parameters of settling rate, regeneration rate and the burial fraction of the TP 

were not measured in this study. Rather, model constants were chosen via a 

calibration approach to agree with actual observations during the period April 2001-

April 2002 when time-series data is available. Model calibration alone may not be 

adequate for validation and testing of TP model mechanisms (Seo and Canale, 1996). 

Independent measurements of model fluxes and coefficients should be performed in 

association with model development to reduce the overall model uncertainty. 

 Most of the difficult issues related to nutrient budget determinations are 

associated with establishing loading rates. Considerable expenditures of time and 

funds are required to quantify all sources of nutrients. However, the results are 

encouraging enough to merit further investigation. The model developed and verified 

in this study appears to work reasonably well for Tonle Sap Lake. The model is able 

to handle the interactions between sediments and water satisfactorily. This supports 

the view that models should consider water-sediment interactions to correctly 

simulate seasonal or long term dynamics of TP in large shallow lakes similar to Tonle 

Sap. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

38 

 

APPENDIX TO CHAPTER 2 

 

A.2.1 Detailed Vensim codes of the phosphorus model  

Alpha= SedHeight/WaterHeight 

 Units: Dmnl 

EffectOnConInFlow([(0,0)-(12,0.1)], 

(0,0.07),(1,0.06),(2,0.061),(3,0.017),(4,0.011),(5,0.01), 

(6,0.008),(7,0.012),(8,0.009),(9,0.018),(10,0.019),(11,0.027),(12,0.013)) 

 Units: mgP/L 

EffectOnFlow([(0,-4e+013)-(12,2e+013)],   

(0,-.942e+011),(1,2.736e+012),(2,1.434e+013), 

(3,1.263e+013),(4,1.9e+013),(5,-1.193e+013),(6,-2.215e+013),(7,-2.301e+013), 

(8,-1.386e+013),(9,-7.116e+012),(10,-3.329e+012),(11,-1.502e+012),(12,-

9.114e+011)) 

 Units: L/Month 

f1= 4.177 

 Units: m 

f2= 5.457 

 Units: m 

f3= 2.552 

Units: Month 

f4= 1.4374e+009 

Units: m 

f5= 7.11657e+008 

Units: m 

FINAL TIME  = 72 

Units: Month 

Flow= EffectOnFlow(Ratio) 

Units: L/Month 

FracBurial= 0.2 

Units: Dmnl 

InFlow= IF THEN ELSE(Flow>0, Flow, 0) 

Units: L/Month 

INITIAL TIME = 0 
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Units: Month 

k1= 1000 

Units: L/(m*m*m) 

k2= 1000 

Units: L/(m*m*m) 

k3= 1000 

Units: L/(m*m*m) 

LakeArea= f4*WaterHeight 

Units: m*m 

LakeVolume= k1*f5*WaterHeight*WaterHeight 

Units: L 

MonthsOfYear= MODULO(Time, 12) 

Units: Month 

OutFlow= IF THEN ELSE(Flow>0, 0, -Flow) 

Units: L/Month 

P= INTEG (P Regen+P InToLake-P OutFromLake-P Deposition,1.67098e+011) 

Units: mgP 

P Burial= P Deposition*FracBurial 

Units: mgP/Month 

P ConInflow= EffectOnConInFlow(Ratio) 

Units: mgP/L 

P ConLake= IF THEN ELSE( P>0, P/WaterVol, 0) 

Units: mgP/L 

P ConSed= P SurSed/SedVolume 

Units: mgP/L 

P Deposition= IF THEN ELSE( P ConLake>0, P SettlingRate*LakeArea*P 

ConLake*k2, 0) 

Units: mgP/Month 

P InToLake= InFlow*P ConInflow 

Units: mgP/Month 

P OutFromLake= IF THEN ELSE(P ConLake>0, P ConLake*OutFlow, 0) 

Units: mgP/Month 

P Regen= LakeArea*P RegenRate*P ConSed*k3 

Units: mgP/Month 
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P RegenRate= 0.0009 

Units: m/Month 

P SettlingRate= 1 

Units: m/Month 

P SurSed= INTEG (-P Burial-P Regen+P Deposition, 1.67098e+008) 

Units: mgP 

P UptakeByA= IF THEN ELSE(P>0, P*fractionTEST, 0) 

Units: mgP/Month 

Ratio= MonthsOfYear/UnitMonth 

Units: Dmnl 

SAVEPER = TIME STEP 

Units: Month [0,?] 

SedHeight= 0.01 

Units: m 

SedVol= LakeVolume*Teta 

Units: L 

SedVolume= SedHeight*LakeArea*k3 

Units: L 

TIME STEP= 0.0625 

Units: Month 

UnitMonth= 1 

Units: Month 

WaterHeight= f1*sin(2*3.14159*(Time-f3)/WaterPeriod)+f2 

Units: m 

WaterPeriod= 12 

Units: Month 
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CHAPTER 3 

MODELING FOODWEB DYNAMICS OF TONLE SAP LAKE 

 

 

3.1.Introduction 

 Tonle Sap Lake is situated in a relatively flat basin bordered in the north by the 

Dongrek range and in the southwest by the Cardamom and Elephant ranges. The lake 

is very shallow in the dry season with an average depth ~0.5, exceeding 3 m in depth 

in a few locations. The mean depth at the height of the flood is less than 7 m 

(Campbell et al., 2009).The floodplain surrounding the lake provides a variety of 

resources for local people including traditional medicine supplies, firewood, and fish 

(Keskinen, 2003). The floodplain’s contribution to income, employment and food 

security is larger for this body of water than for any other in the world (Baran et al., 

2007a). 

 The Tonle Sap Lake has become an important symbol of national identity and is 

the “heart and soul of the Cambodian people” (Hand, 2003). Based on these unique 

characteristics, Tonle Sap Lake was nominated in 1997 as a biosphere reserve under 

the “Man and Biosphere Reserve Program” of UNESCO (Keskinen, 2003) and the 

importance of the lake for Cambodia is well documented (Keskinen, 2006); 

(Keskinen, 2007); (Kummu and Sarkkula, 2008) and (Lamberts, 2008). 

 The Tonle Sap Lake and floodplain ecosystem is a large and complex, while 

little is known and understood about it (Lamberts, 2008). However, the Lake has been 

said to be "among the most productive freshwater ecosystems in the world," 

(Rainboth, 1996; Neou, 2001; Kite, 2001 and Campbell et al., 2006). Recently, 

concerns that development, such as dam construction, in the Mekong River Basin will 

affect the fishery productivity of Tonle Sap Lake. Kummu and Sarkkula (2008) 

compiled a cumulative impact assessment of the construction for large-scale 

hydropower dams and reservoirs in the upper part of the Mekong Basin on the flow of 

the Tonle Sap by reviewing major reports of the Mekong River Commission (MRC) 

and the Asian Development Bank (ADB). The model used by ADB predicts that over 

a 20-year time frame with the high development (HD) scenario, the maximum water 

level of the lake will be lowered by 0.36 to 0.54 m and the minimum water level of 

the lake will increase by as much as 0.6 m (Kummu and Sarkkula, 2008). Sarkkula et 

al. (2009) argued that hydrological flow change due to the hydropower dam 
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construction in the Mekong basin will decrease nutrient flux to the Lake and this will 

eventually decrease fish production because the trophic state of the Tonle Sap lake is 

mesotrophic. 

 Recently, interest has increased in qunatifying these relationships (Lamberts 

and Koponen, 2008; Kummu and Sarkkula, 2008; and Kummu et al., 2005). Though 

the impacts of hydrological change on the Tonle Sap’s fishery production have been 

considered, extensive quantification of the impacts has not. The aim of this research is 

to study the behavioral response of the fish stock biomass in the lake to the alteration 

of the Tonle Sap’s water flow using System Dynamic methodology to analyze an 

integrated nutrient-plankton-fish system of Tonle Sap lake. 

  

3.2.Method 

 Plankton plays a critical role in regulating fish productivity. In the 1920s, Sir 

Alister Hardy at the Fisheries Laboratory, Lowestoft, UK recognized that planktonic 

food for fishes might help explain the fluctuation and variability of fish catches (Reid 

et al., 2003).The Fisheries Research Service (FRS) concluded that from 1970 to 2000, 

the composition of the plankton-eating fish group has changed and their overall 

production has followed plankton production (FRS, 2010). Similarly, Brander (2007) 

wrote that fish production depends on the amount of net primary production and how 

this production passes through the aquatic food chain and enters the human food 

chain. Many researchers agree that understanding the dynamics of plankton 

populations is an important component of predicting future fish harvests (Carpenters 

et al, 1985; McQueen et al., 1986; Pauly and Christensen, 1995; Brett and Goldman, 

1997; Micheli, 1999; and Danielsdottir et al., 2007). 

 It has been noted that the world’s most productive river fisheries are associated 

with seasonal flood-pulse dynamics in tropical areas (Winemiller, 2009). This author 

also stated that holding all other factors equal, nutrient rich landscapes in the tropics 

(e.g., Mekong, Niger, Zambezi, middle Orinnoco, and lower Amazon rivers) produce 

larger fish yields than nutrient-poor regions (Rio Negro and other rivers draining 

South America’s Guyana Shield region). 

 Tonle Sap lake has been claimed to be one of the most productive freshwater 

ecosystems in the world. However, the statement is based on the large fish catch from 

the Lake, and not on production data for any component of the ecosystem. The 

driving force behind the Lake’s high fish production is not well understood. A study 
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by Campbell et al., (2009) found that many the Lake’s fish species derive most of 

their energy from phytoplankton and periphyton, while terrestrial organic material 

that is available for consumption during the inundation phase contributes the smallest 

source of energy. So, phytoplankton seems to be a major driver regulating fishery 

productivity of the Tonle Sap lake.  

 Phytoplankton in the pelagic region of lakes are influenced by light and 

nutrients. In lake ecosystems, phosphorus (P) is the most potentially limiting nutrient 

(Schindler, 1977), especially in tropical lakes (Henry et al., 1985, Hecky et al., 1993). 

In Tonle Sap Lake, P is the limiting nutrient (Sarkkula et al., 2004). However, the 

nutrient that limits the reproductive rate of a phytoplankton population may also vary 

by algal species (Sommer, 1989, and references therein). Some trace elements may 

also limit algal growth. For instance, the availability of Fe is a potential limiting factor 

in brown-water lakes (Jones, 1992 and references therein). Besides nutrients, light can 

also be a limiting resource for the phytoplankton in a lake. The effect of light on 

phytoplankton growth in Tonle Sap are not discussed in detail here because Tonle Sap 

Lake is shallow (Sarkkula et al., 2004), and the depth of the mixed water layers is 

assumed to be equal to the Lake’s depth (Scheffer, 2004). A significant difference in 

temperature does not exist in Tonle Sap since temperatures are fairly uniform 

throughout the Tonle Sap Basin, with only small variations between 28 and 33oC 

(Nikula, 2005) and thus no stratification occurs. The temperature differences between 

the surface layer and deeper water are limited are less than 4°C at any time (Lamberts, 

2001). 

 The dynamics of food webs in lake ecosystems have been extensively studied. 

However, the complex nature and variability of the lake food web system remains 

controversial and only partially understood (DeMelo et al., 1992; Harris, 1994; Polis 

et al. 2000; and Danielsdottir et al., 2007). The system is complex not only because 

there are many feedback relationships among components in the systems but also 

because the components themselves change overtime. Major differences among the 

various models exist, including type of output (e.g., individual species or total 

biomass), time scale (daily to annual predictions), and structure (empirical/regression 

models to differential equations) (Hakanson and Boulion, 2003a). While a variety of 

models exist, dynamic models based on differential equations are considered 

promising for ecological modeling (Jorgensen 2008). Models based on differential 
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equation can be easily converted to a format of System Dynamics, the methodology 

used in this research.  

 Phytoplankton growth is dependent on available nutrient (and here the focus is 

on only phosphorus because it is the limiting nutrient in the lake (Sarkkular et al., 

2009). However, understanding the dynamics of biologically available P for algae 

growth is much more difficult than that of total P (TP). The mechanisms explaining 

the relationship between the two are complicated and dependent on many 

environmental factors. The literature does not offer any clear conclusion about how 

much P is readily available for the algal growth and what can be used as the indicator 

for the available P. The role of P as a nutrient for algae in lakes is difficult to analyze 

because determining how much is actually available to the algae is difficult. Many 

forms of P that are not directly available to algae can be transformed into available 

forms relatively quickly (Scheffer, 2004). For the purposes of the analysis, phosphate 

PO4
- is assumed the indicator of the amount of P that is available to algae. PO4

- is 

assumed to be about 77% of TP in Tonle Sap Lake ecosystem (see Appendix A.3.1). 

The link of PO4
- to the total P model could provide a means of understanding the 

dynamics of PO4
- in the lake. 

 

3.2.1. Modeling approach 

Numerous attempts have been made to model TP concentration in lakes.  

Though nutrient, plankton and fish have close relationships, few studies combine all 

of these elements into an integrated analysis. Previous modeling studies based on 

differential equations focus only on the relationships of nutrient and plankton or just 

relationships of plankton and fish. A SD model was built in this study to investigate 

the response of the fishery productivity for the Tonle Sap Lake under different flood 

regimes of the Mekong river. The focus is on setting up a systematic framework by 

integrating nutrient-plankton-fish system as a means for integrated analysis of the 

impact of the alteration of hydrological flow on the lake fisheries. The dynamic model 

in this study includes five major compartments: nutrient, phytoplankton, zooplankton, 

small fish and adult fish. The detailed connection of the water flow to P was described 

in the “total phosphorus modeling” section.  

 Figure 3.1 shows the aquatic foodweb systems considered in the model. Each 

variable in the ecosystem corresponds to one state variable in the model. The model 

simulates the seasonal dynamics of the main state variables in a simplified food web 
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of the Tonle Sap ecosystem and is intended as a simulation modeling tool to help 

identify key unknowns about the Tonle Sap ecosystem’s behavior. 

 

 
Figure 3.1: Major causal feedback relationships of the foodweb model. The figure 

shows some causal relationships among major state variables (variables in the box). 
Signs at arrow heads (+ or -) indicate the polarity of the relationship. A positive 

polarity, indicated by +, means an increase in the independent variable causes the 
dependent variable to rise above what it would have been (and a decrease causes a 
decrease). Negative signs mean an increase (decrease) in the dependent variable to 

decrease (increase) beyond what it would have been. Loop identifier shows the 
polarity of the loop, either positive (self-reinforcing) or negative (balancing). 
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3.2.2. Assumptions of the foodweb model 

 The model has a limited ability to explain or describe certain limnological 

processes of the Tonle Sap ecosystem and thus the following assumptions and criteria 

have been used.  First, all zooplankton species are lumped into one compartment, 

assuming that they are alike to their behavior and distribution and in their response to 

predation overlooks the fact that some are not taken as readily as are others. Second, 

detailed mechanisms to handle vertical transportation of nutrients due to upwelling 

and current sinking activities are lacking. Spatial details are also missing because no 

stratification of the hydrographic differences is known to exist at present.  Third, all 

species of algae, zooplankton and fishes are assumed to have similar saturation 

coefficients for P. Work by Droop (1973) suggests that saturation constants may be 

different for different algal taxa, and different group of algae may respond differently 

to zooplankton grazing (Porter, 1973). Fourth, the effects of the food preferences for 

the zooplankton are not considered. Microzooplankton can be very selective in their 

feeding (Flynn et al., 1996; Burkhill et al., 1987). 

 

3.2.3. Model formulation 

 The nutrient-plankton-fish model was built using differential equations. The 

notation and description of the parameters used for the nutrient-plankton-fish model 

was shown in Table 3.1. It should be noted that human waste in not included in this 

model because firstly, the location of sewage system is located far away from the 

study area and secondly, P from human excretion by people living in the lake is small 

compared to P brought by the flood from the Mekong through the Tonle Sap river 

(see the “total phosphorus modeling” section)     
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 Table 3.1: Definitions for model parameters  
Symbol Description  

ρA Amount of P released by decomposition of a unit of dead phytoplankton 
ρZ Amount of P released by decomposition of a unit of dead zooplankton 
ρS Amount of P released by decomposition of a unit of dead small fish 
ρF Amount of P released by decomposition of a unit of dead adult fish 
ηZ Amount of P excreted by zooplankton per unit of algae consumed 
ηS Amount of P excreted by small fish per unit of zooplankton consumed 
ηF Amount of P excreted by adult fish per unit of zooplankton consumed 
µA Natural mortality rate of phytoplankton 
µZ Natural mortality rate of zooplankton 
µS Natural mortality rate of small fish 
µF Natural mortality rate of adult fish 
εA Growth efficiency of phytoplankton from uptakingP 

εZ 
Growth efficiency of zooplankton from consuming a unit of 
phytoplankton 

εS Growth efficiency of small fish from consuming a unit of zooplankton 
εFA Growth efficiency of adult fish from consuming a unit of algae 
εFZ Growth efficiency of adult fish from consuming a unit of zooplankton 
βA Maximum rate of phytoplankton uptakingP 
βZ Maximum rate of zooplankton consuming phytoplankton 
βS Maximum rate of small fish consuming zooplankton 
βF Maximum rate of adult fish consuming food (both zooplankton and algae) 

kA Half-saturation constant for uptake of P by phytoplankton 

kZ 
Half-saturation constant for consumption of phytoplankton by 
zooplankton 

kS Half-saturation constant for consumption of zooplankton by small fish 

kFA Half-saturation constant for consumption of algae by adult fish 

kFZ Half-saturation constant for consumption of zooplankton by adult fish 
K Proportion of catch of Dai fisheries to total catch 
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      (3.1) 

 Equation (3.1) describes the rate of change of P, which is a function of the P 

entering and leaving the lake; the P uptake by the phytoplankton in the lake; the 

release from the decomposition of dead organisms; and from the excretion of these 

organisms in the lake. The release of P from the decomposition of dead organisms is 

assumed to be an instantaneous process. Excretion by zooplankton, small fish and 

adult fish are modeled as a constant proportion to their consumption rates. 
 

      (3.2) 

 Equation (3.2) proposes that the rate of change for the available form of P in the 

sediment is equal to the input due to sediment deposition from the water column 

minus the rate at which P becomes permanently unavailable minus the loss due to 

regeneration into water column. 

 

     (3.3) 

 Equation (3.3) describes the rate of change for the phytoplankton population. 

The change is due to the growth, natural mortality and death due to zooplankton 

grazing, and the outflow of phytoplankton, which are flushed from the lake when the 

water of the lake flows back to the Mekong River. The growth of phytoplankton (ϕA) 

is dependent upon bioavailable P and sunlight. As explained earlier, the effect of light 

on phytoplankton growth is not included in the model. The grazing (ϕZ) on 

phytoplankton by zooplankton was modeled using a type II functional response 

(Doveri et al., 1993 and references therein). Zooplankton in the model are assumed to 

be large Cladocerans-like Daphnia species which Doveri et al., 1993 concluded are 

the most dominant grazers of phytoplankton and vulnerable to fish predation.  

 

 

     (3.4) 
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 Equation (3.4) describes the rate of change for the zooplankton population. The 

change is caused by the growth of zooplankton, natural mortality and death due to 

predation by small fish and adult fish. The functional response of predation by small 

fish (ϕS) and adult fish (ϕF) are formulated to take into account the case of a predator 

feeding on multiple prey (Megrey et al., 2007; Osidele and Beck, 2004 and Salvanes 

et al., 1992).  
 

    (3.5) 

 Equation (3.5) describes the rate of change for the small fish biomass. Change is 

due to the growth of small fish feeding on zooplankton; the seasonal in-migration of 

small fish as water from the Mekong starts flowing to the lake; the maturation of the 

young fish and mortality. 
 

   (3.6) 

 Equation (3.6) describes the dynamics of the adult fish stock. The inflow rates 

include the biomass growth of the fish and recruitment whereas the outflow rates 

include mortality and catch.    

 

        (3.7) 

         (3.8) 

         (3.9) 

         (3.10) 

       (3.11) 

       (3.12) 

    (3.13)       

       (3.14)       
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    (3.15) 

Where κ value varies from 0.28 to 0.37. 

 

The functional response of adult fish (ϕF) feeding on their prey is discussed 

later. The zooplankton are assumed to feed on phytoplankton and small fish feed on 

zooplankton, while adult fish feed on both phytoplankton and zooplankton. The 

functional response of a predator feeding on multiple prey is derived from the classic 

saturation kinetics based on the Michaelis-Menten equation (Osidele and Beck, 2004; 

Salvanes et al., 1992 and Megrey et al., 2007). Slight modifications of the formulation 

for the functional response can be found in the literature. Osidele and Beck (2004) is 

followed here. 

 

CatchByBird: No formal quantitative research on the fish catch by birds has 

been completed, though many bird species have been found in Tonle Sap and its 

floodplain areas. An informal estimate by a research group concluded that birds 

around the lake annually consume about 36,500,000 kg of fish (Koponen et al., 2010). 

This estimate is based on the assumption that each bird consumes 2 kg fish daily and a 

total of 50,000 birds in the area eat fish. 

 

CatchFromDai is the harvest function for the Dai fishery. Tonle Sap fisheries 

can be viewed as operating on small, medium and large scale. The total annual yield 

from the lake is reported (Table 3.2) and the yield from the Dai fishery is the only one 

that is well recorded. The Dai fisheries data is used to estimate the catchability 

coefficient of a Dai fishing unit. The behavioral dynamics of the lake’s fish stocks are 

influenced by the Dai catch and by the total catch of the Lake’s fisheries. Given the 

available data, the harvest function for all fisheries of the lake cannot be estimated 

explicitly. Therefore, the total catch was divided into two categories: one for the Dai 

fishery and one for the rest of the lake’s fisheries. The Dai fisheries’ (κ) share of the 

total catch varies between 28 to 37% with an average at 32% (Table 3.2).  
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Table 3.2: Total fish catch (tonnes) in Tonle Sap area by provinces  
Year PP* Ka* KT KC Porsat BB BMC SR Total α  

1996 6100 10100 4300 11700 8700 4500 250 7500 53150 0.30 
1997 6040 16095 4990 12100 8300 5200 175 7100 60000 0.37 
1998 6100 16900 4800 11900 9100 6500 170 7300 62770 0.37 
1999 5106 12344 6000 17900 7300 5200 200 7000 61050 0.29 
2000 6905 16130 7520 17200 9830 6250 670 6600 71105 0.32 
2001 9000 21500 9000 21500 15000 15000 3000 15000 109000 0.28 
2002 7000 21000 7000 20000 11500 10200 2500 12000 91200 0.31 

Avg                 72611 0.32 

Source:  DoF (2002) 
Note:  * the catch from these two provinces are very largely from Dai fisheries. 

 α is the estimated proportion of the catch from Dai to the total catch  
  PP: Phnom Penh, Ka: Kandal, KT: Kompong Thom, KC: Kompong Cham 
  BB: BathamBang, BMC: Banteay Mean Chey, SR: Siem Reap  

 

 

 InFlowLarvae is the flow rate of fish larvae from the Mekong to the lake 

through the Tonle Sap river. Few researches have been done to quantify the flow of 

fish larvae to Tonle Sap (Hortle et al., 2003; Chea et al., 2005; and Thach et al., 

2005). The sampling method that was used to construct the estimates can be found in 

those studies and are not discussed here. One estimate of fish larvae drift in the Tonle 

Sap river during the flood season is 120,000,000 fish per day given that the water 

flow rate into the lake is 10,000 m3/s (Hortle et al., 2003). Though the author warned 

that the estimate might be inaccurate, this is the best available information. 

 No clear definition of the size for fish larvae in the studies mentioned exists. An 

interview with a former project investigator at the Inland Fishery Research and 

Development Institute (Cambodia) revealed that the fish larvae are nearly large 

enough to be considered juveniles. For example, 140 fish larvae of Trey Pra 

(Pangasius hypophthalmus) or 480 fish larvae of Trey Riel (Henicorhynchus species) 

weighed 11 g. This means that the average weight of a fish larva was 0.035 grams. 

However, fish larvae are not a major concern since the larvae drift is considered in 

term of biomass. 

 Fish larvae drift as estimated by (Hortle, 2003) are based on the assumption that 

the flow rate is 10,000 m3/s. However, the River’s water flow into the Lake changes 

seasonally, which also affects the flow rate of the fish larvae. To capture the flow 

dynamics of the fish larvae, equation 4.16 was developed. 
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   (3.16) 

 

Where 

 RefWaterFlow: the referenced water flow (10000 m3/s) 

 WaterFlow:  the real water flow from Tonle Sap river to the lake 

 RefLarvaeFlow: the referenced fish larvae flow (120000000 fish/day) 

  

 

 T is the time required for fish to mature varies by species. Some authors 

(Guneralp and Barlas, 2003; Dudley, 2008) used 60 months as the maturity rate which 

is much longer than the seven month maturity rate used here. As mentioned earlier, 

water often flows from the Tonle Sap River into the Tonle Sap Lake in April or May, 

which is the end of the fishing season and flows back from the lake in October or 

November, which is the start of the fishing season. Fish migrating into and out of the 

Tonle Sap are mostly whitefish. With this a migratory pattern, the whitefish have only 

about six to seven months to grow. It should be noted that the fish stock variable in 

the model includes both the biomass from the white fish and black fish. The white fish 

biomass is assumed to takes about 28%-37% of the total fish biomass and the rest is 

considered black fish biomass.   

 

3.3.Model application and results 

 The Lake’s phytoplankton was sampled in 2001-2002. The biomass of the 

phytoplankton in the lake and the peak period is shown in Table 3.3. The conversion 

of the total phytoplankton from milligram carbon (mgC) to milligram dry weight (mg 

dw) in Table 4.3 is accomplished using a factor of 0.3584. The estimate of this factor 

is shown in the Appendix A.3.2. 
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Table 3.3: Phytoplankton concentration by month 
Month mgC/L mgdw/L 
June 0.1875 0.5232 
July 0.2750 0.7673 
October 0.3500 0.9766 
December 0.2750 0.7673 
March 0.7500 2.0926 
April 2.1250 5.9291 
May 0.7500 2.0926 

Source: Sarkkula et al., (2004) 
Because the raw data is not been accessible, all the 

figures in the table are only approximate values from the 
graph in the paper by (Sarkkula, Baran, Chheng, 

Keskinen, Koponen, & Kummu, Tonle Sap Pulsing 
System and fisheries productivity, 2004). 

 

 

 Time series data for seasonal zooplankton biomass are not available. The 

studies by Ohtaka et al. (2010) confirmed the statement made by (Sarkkula et al., 

2005) that almost all the annual biological production takes place in the high-water 

season due to the immense volume of the flood waters, although the peak of the 

biomass appeared in the low-water season. Ohtaka et al. (2010) conducted a survey 

and found that in the southern part of the lake, the total cell density of phytoplankton 

ranged from 12x104 to 34x104/L and the total density of zooplankton ranged from 

830-1360/L. Ohtaka et al. (2010) also found that in the southern part of the lake, the 

peak of phytoplankton and zooplankton are in the same direction in April (low-water 

season). This means that the Lake’s planktonic component is very likely to be a 

bottom-up process and the behavioral mode of the zooplankton state variable should 

follow that of the phytoplankton. 

 Ohtaka et al. (2010) reported plankton survey across the basin (the northern, the 

middle and the southern part of the Tonle Sap lake but not produced a time series data 

that are needed for modeling the phytoplankton and zooplankton in the lake. 

Sarkkular et al. (2010) presented in an unpublished report the monthly nutrient 

sampling and phytoplankton (not zooplankton) survey in 2001-2002 and produced 

one-year time series data for phosphorus and phytoplankton variables. This study 

combines the survey results from these two research groups (Sarkkula’s group and 

Ohtaka’s group) but considers only the concentration of phosphorus and plankton at 

the southern part of the lake for the benefit of systemic integration of information 
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from the studies. Ohtaka et al. (2010) also concluded that the composition of plankton 

communities in the Tonle Sap appears to have changed little since 1950 though 

current phytoplankton density appears to be higher.  

 The reference mode for the fish stock over time is primarily based on the 

qualitative description in literature and the limited available quantitative information. 

Based on their experience in the Amazonia floodplain, Koponen et al. (2010) 

estimated the Lake’s maximum fish production at 391,449 tonne of fish annually, 

which is the best available information. Interviews with government officials, Dr. 

Chea Tharith and his colleagues revealed that during the fishing season from October 

to March, the fish stock is likely to decline sharply from the maximum value in 

October. Dr. Tharith and his colleagues also said that the amount of fish left after 

fishing season would be less than 5-10% of the total stock. The stock increases after 

the fishing season ends and thus, the reference mode of the fish stock resembles figure 

3.2. 

 

 
Figure 3.2: Expected reference mode for the Lake’s total fish stock 

 

 Some parameters of the nutrient-plankton-fish model come with a range of 

values which are shown in Table 3.4. Calibration tool in Vensim, a SD software used 

in this study was used to estimate the parameters. The details of the procedures for 

estimating model parameters of a SD model through calibrating the model to real 

world data can be found in Vensim’s reference manual. Calibration involved finding 

the values of model constants that makes the model generate behavior curves that best 
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fit the real world data. Validation of a SD model rests in part on comparing model 

behavior to time series data collected in the “real world.” The estimated values of the 

model parameters from the calibration (called herein “calibrated”) are shown in Table 

3.4. 

 

  Table 3.4: Parameter values used for model calibration 
Symbol Unit Calibrated Range Reference 
ρA mgP/mg dw 0.003 2.85E-03 4.65E-03 Doveri et al., (1993) 
ρZ mgP/mg dw 0.004 2.85E-03 4.65E-03 Doveri et al., (1993) 

ρS mgP/mg dw 0.00375 2.85E-03 4.65E-03 Doveri et al., (1993) 

ρF mgP/mg dw 0.00375   Assigned 

ηZ mgP/mg dw 0.006 4.50E-03 7.00E-03 Doveri et al., (1993) 

ηS mgP/mg dw 0.007 4.50E-03 7.00E-03 Doveri et al., (1993) 

ηF mgP/mg dw 0.007   Assigned 

µZ 1/day 0.08 0.01 0.1 Osidele & Beck (2004) 

µS 1/day 0.02 0.01 0.03 Doveri et al., (1993) 

µF 1/day 0.005 0.001 0.01 Osidele & Beck (2004) 

εA mg dw/mgP 99 70 100 Doveri et al., (1993) 

εZ dmnl 0.6 0.5 0.7 Doveri et al., (1993) 

εS dmnl 0.5 0.4 0.6 Doveri et al., (1993) 

εFA dmnl 0.2 0.1 0.5 Li et al. (2010) 

εFZ dmnl 0.3 0.3 0.7 Osidele & Beck (2004) 

βA mgP/day/mg dw 0.01 0.005 0.01 Doveri et al., (1993) 

βZ 1/day 0.5 0.5 0.7 Doveri et al., (1993) 

βS 1/day 0.15 0.1 0.2 Doveri et al., (1993) 

βF 1/day 0.3 0.01 1 Sagehashi et al. (2000) 

kA mgP/l 0.025 0.02 0.03 Jorgensen (1976) 

kZ mg dw/l 2 0.5 2 Jorgensen (1976) 

kS mg dw/l 0.5 0.25 0.75 Doveri et al., (1993) 

kFA mg dw/l 1   Assigned 

kFZ mg dw/l 1 0.8 1.2 Doveri et al., (1993) 
K dmnl 0.32 0.28 0.37 Estimated 

Initial A mg dw/l 2   Assigned 
Initial Z mg dw/l 2   Assigned 
Initial S Tonne 3914   Assigned 
Initial F Tonne 39145   Assigned 
Initial P mgP 1.67E+11   Assigned 
Initial P' mgP 1.67E+08   Assigned 
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Figure 3.3: Simulated phytoplankton dynamics for the BAU scenario 

Figure 3.4: Simulated zooplankton dynamics for the BAU scenario 

 



 

57 

 

Figure 3.5: Simulated fish stock dynamics for the BAU scenario 

 

 Figure 3.3, 3.4, and 3.5 illustrate simulation results of the model as compared to 

the available data and they seem reasonable. As seen in figure 3.3, the peak of 

predicted phytoplankton biomass is a bit lower than the observed peak. The dynamic 

behavior of zooplankton variable seems also reasonable. As mentioned earlier, the 

peak of phytoplankton and zooplankton biomass in the lake occurred at the same time 

(Ohtaka et al., 2010). As seen in the figure 3.4, the behavioral dynamics of the 

zooplankton is quite similar to that of phytoplankton. Because of the lack data, any 

further interpretation about the behavioral dynamics of the zooplankton is difficult.  

 The model predicted the qualitative dynamics of the fish stock (figure 3.5) and 

the peak for the fish stock reasonably well, assuming that the reference mode of the 

fish stock is a good representation of the dynamics of the fish stock in the Lake. It 

should be clearly noted that all the graphs from the model simulations must be 

interpreted cautiously. The graphs do not yield point estimates. Instead, they offer a 

better understanding of the qualitative behavior for the variables of interest over time. 

The impacts captured by the model should only be used for comparison to the 

baseline with all the underlying assumptions.  
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3.3.1. Testing behavioral response of the model under HD scenario 

3.3.1.1.Under deterministic case of flood magnitude 

 Under the HD scenario in the Mekong Basin, all hydrological models described 

in (Kummu and Sarkkula, 2008) showed a decrease in the maximum water level in 

the lake from 0.3m to 0.6m. Average value (0.45 m) is used in this deterministic case. 

The behavioral response of the model to the change in flood magnitude (water level) 

is investigated here. The relationship between the water level (F1), the lake area (F2) 

and the lake volume (F3) are presented in equation (3.17), (3.18) and (3.19).  

 

      (3.17) 

        (3.18) 

        (3.19) 

 Where t is time, w is the water period and f1, f2, f3, f4 and f5 are all fitting 

constants.  

 

 The detailed discussion of equations 3.17, 3.18 and 3.19 can be found in the 

“Total Phosphorus Modeling” section. Figures 3.6, 3.7 and 3.8 compare the results of 

the simulation under the baseline and the high development (HD) scenarios. The 

peaks of all the state variables under consideration decreased. However, the impact on 

phytoplankton stocks seems less than on zooplankton and adult fish stock and the 

impact on the adult fish stock is markedly high. So, the relationships of variables 

involved needs to be examined. 

 As seen in equation (3.19), the water volume has an exponential relationship 

with the water level. Thus, a small reduction in water level may cause a significant 

reduction in water volume of the lake. The reduction of the water volume decreases 

the amount of P that is the limiting nutrient in the lake, which in turn decreases in the 

phytoplankton biomass. As zooplankton feed on phytoplankton, the decrease in 

phytoplankton leads to a decrease in zooplankton. Zooplankton feed young fish and 

adult fish. However, there is a time delay for young fish to grow before entering the 

adult fish stock. Thus, the decrease in zooplankton might have significant impact on 

the adult fish stock and the large impact on the fish stock due to the flow alteration 

seems reasonable. The explanation given above is one explanation among other 
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possibilities. Non-linear feedback dynamic relationships in the model make a full 

understanding of the outcomes from simulations difficult. 

 

Figure 3.6: Simulated phytoplankton dynamics for the HD scenario 

Figure 3.7: Simulated zooplankton dynamics for the HD scenario 
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Figure 3.8: Simulated fish stock dynamics for the HD scenario 

 

3.3.1.2.Under stochastic case of flood magnitude 

 Flood magnitude (maximum water level) of the lake is expected to vary from 

time to time. The stochastic restriction for the variation of the flood magnitude in the 

model under the deterministic case is removed in this section. The maximum water 

level can vary from 0.3 m to 0.6 m and the distribution of this parameter is assumed 

uniform. This section investigates the behavioral response of the calibrated model to 

the variation of the flood magnitude. Manual simulation by changing value of the 

maximum water level and Monte Carlo simulations were performed to see the 

behavioral response of the model. Monte Carlo simulations were performed using 

1000 random selections from the stochastic distribution of the maximum water level. 

Results from manual simulation (figure 3.9, 3.10 and 3.11) and from Monte Carlo 

simulation (figure 3.12, 3.13, 3.14) showed the variation of the peak of 

phytoplankton, zooplankton and fish biomass. However, the overall behavior response 

of the model variables to the stochastic variation of the flood magnitude was not 

significantly different from the behavioral response generated by the deterministic 

model. 
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Figure 3.9. The behavioral response of phytoplankton (A) concentration to the 
decrease in the maximum water level of the lake by 0.6m, 0.5m, 0.4m and 0.3m. The 

behaviors were compared with the baseline scenario. 
 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 

Figure 3.10. The behavioral response of zooplankton (Z) concentration to the decrease 
in the maximum water level of the lake by 0.6m, 0.5m, 0.4m and 0.3m. The behaviors 

were compared with the baseline scenario. 
 



 

62 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 

Figure 3.11. The behavioral response of adult fish (F) stock biomass to the decrease in 
the maximum water level of the lake by 0.6m, 0.5m, 0.4m and 0.3m. The behaviors 

were compared with the baseline scenario. 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.12. The behavioral response of phytoplankton concentration to the stochastic 
variation of the maximum water level, WL~ U(0.3, 0.6). The behaviors were 

compared with the baseline scenario. 
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Figure 3.13. The behavioral response of zooplankton concentration to the stochastic 

variation of the maximum water level, WL~ U(0.3, 0.6). The behaviors were 
compared with the baseline scenario. 

 
 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 

Figure 3.14. The behavioral response of fish stock biomass to the stochastic variation 
of the maximum water level, WL~ U(0.3, 0.6). The behaviors were compared with the 

baseline scenario. 
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3.3.2. Sensitivity analysis 

3.3.2.1.Multivariate sensitivity test 

 Given the lack of primary data and the number of variables in the model, a 

number of possible combinations exist. Monte Carlo simulations are used to 

investigate how sensitive the results are to variations in the variable values. 

Traditionally, a deterministic model generates only one possible outcome. However, 

Monte Carlo simulations allow multiple projections to be generated. The Monte Carlo 

sensitivity analysis of model variables was done using Vensim. The distribution of the 

parameters used for the sensitivity analysis is assumed to be uniform. Normal 

distribution is often assumed when performing Monte Carlo sensitivity simulation. 

However, no information about the distribution of the parameters is available. Thus, 

uniform distributions instead of normal distributions should be assumed (Ventanna, 

2010). 

 Monte Carlo simulations generate dynamic confidence intervals for the 

trajectories of the model variables. Typically, a model is calibrated to data. The 

parameters are varied independently to obtain combinations that significantly degrade 

historical fit. The Monte Carlo sensitivity simulation results of phytoplankton, 

zooplankton and fish stock biomass are shown in figure 3.15, 3.16 and 3.17. The 

probability distributions of all the parameters are assumed uniform because no 

information about the distribution is available. The parameters are setup as follows 

(Table 3.5). 

 Figure 3.15, 3.16 and 3.17 shows the 50%, 75%, 95% and 100% confidence 

bounds for model variables in a sample for 1000 simulations. The estimate of the fish 

stock, with a 100% confidence level, seems unreasonably high. Within 95% 

confidence level, the model generates a reasonable estimate. Surprisingly, the general 

behavior of the fish stock does not change. This means that the model seems 

relatively robust, which is a key success for any dynamic modeling work (Ford, 

1999). 
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Table 3.5: Multivariate sensitivity simulation set up in Vensim 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3.15. The behavioral response of phytoplankton concentration to the stochastic 
variation of all parameters used in the model. The behaviors were compared with the 

BAU scenario. 
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Figure 3.16. The behavioral response of zooplankton concentration to the stochastic 
variation of all parameters used in the model. The behaviors were compared with the 

BAU scenario. 
 
 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 

Figure 3.17. The behavioral response of adult fish stock biomass to the stochastic 
variation of all parameters used in the model. The behaviors were compared with the 

BAU scenario. 
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3.3.2.2.Univariate sensitivity test 

This section investigates the sensitivity of the model to individual parameter 

variation. The focused response variables to the parameter changes are phytoplankton, 

zooplankton and fish stock biomass. The range of values of the parameters in Table 

3.4 is used for the sensitivity analysis. The sensitivity of variables: phytoplankton, 

zooplankton and fish stock biomass is shown in a series of figures from 4.18a, 4.18b, 

4.18c to 4.37a, 4.37b, 4.37c (see appendix A.3.3). The degree of sensitivity (low, 

high, very high) of these variables to the variation of the individual parameters are 

summarized in Table 3.6.  

 

 

Table 3.6: Summary of model sensitivity to random individual parameter variation 
    Sensitive level  

Parameter Description A Z F 
ρA RANDOM_UNIFORM(0.00285,0.00465) * * * 
ρZ RANDOM_UNIFORM(0.00285,0.00465) * * ** 
ρS RANDOM_UNIFORM(0.00285,0.00465) * * * 
ηZ RANDOM_UNIFORM(0.0045,0.0070) ** ** **** 
ηS RANDOM_UNIFORM(0.0045,0.0070) * * * 
µZ RANDOM_UNIFORM(0.01,0.10) ** ** **** 
µS RANDOM_UNIFORM(0.010.03) * * *** 
µF RANDOM_UNIFORM(0.001,0.01) *** *** *** 
εA RANDOM_UNIFORM(70,100) ** *** *** 
εZ RANDOM_UNIFORM(0.5,0.7) ** ** ** 
εFA RANDOM_UNIFORM(0.1,0.5) * * *** 
εFZ RANDOM_UNIFORM(0.3,0.7) * * *** 
βA RANDOM_UNIFORM(0.005,0.01) * * * 
βZ RANDOM_UNIFORM(0.1,0.2) * * * 
βS RANDOM_UNIFORM(0.1,0.2) * * * 
βF RANDOM_UNIFORM(0.01,1) * * **** 
kA RANDOM_UNIFORM(0.02,0.03) * ** ** 
kZ RANDOM_UNIFORM(0.5,2) ** ** ** 
kFZ RANDOM_UNIFORM(0.8,1.2) * * *** 
K RANDOM_UNIFORM(0.28,0.37) * * * 
Note: * Not sensitive, ** Low sensitive, *** Highly sensitive, **** Very highly 
sensitive 
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3.4.Conclusion 

 The model developed in this section generates plausible results despite the 

crude assumptions about the structural relationships among components in the Tonle 

Sap food web ecosystems. Simulation results showed that the alteration of the 

Mekong’s flow would be likely to have significant impact on the fish production of 

the Tonle Sap Lake. Though the model appears to provide reasonable estimates of the 

qualitative behaviors for the variables of interest, these are not point estimates. The 

aim of the model is to help understand the behavioral responses of the complex and 

highly uncertain food web ecosystem of Tonle Sap Lake for the high development in 

the Mekong Basin. The model is also flexible enough to allow for integration and 

expansion. The conventional food chain involving nutrient and sediment-water 

interaction is effectively integrated. Catch by human and by birds, which is an 

outflow from the system, can also be integrated into the nutrient-plankton-fish system.  

 The model is limited in its ability to explain or describe certain limnological 

processes of the Tonle Sap ecosystems. The model lacks detailed mechanisms to 

handle vertical transportation of nutrients due to upwelling and current sinking 

activities and also lacks spatial details due to the lack of segmentation of the 

hydrographic differences. Lumping all zooplankton species into one compartment 

might be problematic because zooplankton are not all alike in term of behavior and 

distribution in response to predation. Similarly, the assumption that all species of 

algae, zooplankton and fishes have similar saturation coefficients for phosphorus 

might also be problematic because saturation constants may be different for different 

algal taxa, and different group of algae may respond differently to zooplankton 

grazing. Also, the model does not consider the food preferences of the zooplankters.  

 More importantly, many parameters used in the model were largely based on 

information in published literature. However, values from literature serve only as 

initial starting values. Since parameter evaluation is a precursor to the calibration 

effort, future efforts should be focused on the estimate of those parameters. However, 

the results of simulation with the current level of structural complexity of the model 

are encouraging enough to merit further investigation. These results represent 

working hypotheses, which are expected to evolve as the field verification and 

computational experience is examined. 
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APPENDIX TO CHAPTER 3 

 

A.3. Detailed Vensim codes of NPZF model  

A= INTEG (A Growth-A Death-A EatenByF-A EatenByZ-A FlushOut, Initial A) 

 Units: mg dw/L 

A Death= IF THEN ELSE(A>0, A*eA*BetaA*"CCA/A", 0) 

Units: mg dw/(L*Month) 

A EatenByF= PhyFa*F/(k4*WaterVolume) 

Units: mg dw/(L*Month) 

A EatenByZ= MIN(A Edible/TIME STEP,  Z*PhyZ) 

Units: mg dw/(Month*L) 

A Edible=A EditableFraction*A 

Units: mg dw/L 

A EditableFraction=0.7 

Units: Dmnl 

A FlushOut=IF THEN ELSE(A>0, A*OutFlow/WaterVolume, 0) 

Units: mg dw/(Month*L) 

A Growth=eA*A*PhyA 

Units: mg dw/Month/L 

BetaA=0.3 

Units: mgP/Month/mg dw 

BetaF=9 

Units: 1/Month 

BetaS=4.5 

Units: 1/Month 

BetaZ=15 

Units: 1/Month 

c1=0.01 

Units: mg dw/L 

c2=391449 

Units: Tonne 

c3=2000 

Units: Tonne 

CCA=25 
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Units: mg dw/L 

"CCA/A"=A/CCA 

Units: Dmnl 

eA=99 

Units: mg dw/mgP 

eFa=0.2 

Units: Dmnl 

EffectOnConInFlow 

 ([(0,0)-(12,0.1)],(0,0.07),(1,0.06),(2,0.061),(3,0.017),(4,0.011),(5,0.01), 

(6,0.008),(7,0.012),(8,0.009),(9,0.018),(10,0.019),(11,0.027),(12,0.013)) 

Units: mgP/L 

EffectOnFlow 

 ([(0,-4e+013)-(12,2e+013)],(0,-8.942e+011),(1,2.736e+012),(2,1.434e+013), 

(3,1.263e+013),(4,1.9e+013),(5,-1.193e+013),(6,-2.215e+013),(7,-2.301e+013), 

(8,-1.386e+013),(9,-7.116e+012),(10,-3.329e+012),(11,-1.502e+012), 

(12,-9.114e+011)) 

Units: L/Month 

Effort=60 

Units: Dai 

eFz=0.3 

Units: Dmnl 

eS=0.5 

Units: Dmnl 

EthaF=0.006 

Units: mgP/mg dw 

EthaS=0.007 

Units: mgP/mg dw 

EthaZ=0.006 

Units: mgP/mg dw 

eZ=0.6 

Units: Dmnl 

F= INTEG (F Growth+RecruitmentRate-F CatchByBirds-F CatchInDai 

-F CatchNotInDai-F Death, Initial F) 

Units: Tonne 
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F CatchByBirds=IF THEN ELSE(F>0, F*FracCatchByBirds, 0) 

Units: Tonne/Month 

F CatchInDai=IF THEN ELSE(F>39145, q*Effort*F*SeasonActivity, 0) 

Units: Tonne/Month 

F CatchNotInDai=((1-K)/K)*F CatchInDai 

Units: Tonne/Month 

F Death=IF THEN ELSE(F>0, mF*F*F/(F+c2), 0) 

Units: Tonne/Month 

 

F Growth=((eFz*Z EatenByF)+(eFa*A EatenByF))*WaterVolume*k4 

Units: Tonne/Month 

f1=4.177 

Units: m 

f2=5.457 

Units: m 

f3=2.552 

Units: Month 

f4=1.4374e+009 

Units: m 

f5=7.11657e+008 

Units: m 

FINAL TIME = 120 

Units: Month 

Flow= EffectOnFlow(Ratio) 

Units: L/Month 

ForTest=0.5 

Units: m 

FracBurial=0.2 

Units: Dmnl 

FracCatchByBirds=0.007 

Units: 1/Month 

InFlow=IF THEN ELSE(Flow>0, Flow, 0) 

Units: L/Month 
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InflowLarvae=(InFlow/RefFlow)*RefInflowLarvae 

Units: Tonne/Month 

Initial A=2 

Units: mg dw/L 

Initial F=39145 

Units: Tonne 

Initial P=1.67098e+011 

Units: mgP 

Initial P SurSed=1.67098e+008 

Units: mgP 

Initial S=3914 

Units: Tonne 

INITIAL TIME  = 0 

Units: Month 

Initial Z=2 

Units: mg dw/L 

K=0.32 

Units: Dmnl 

k1=1000 

Units: L/(m*m*m) 

k2=1000 

Units: L/(m*m*m) 

k3=1000 

Units: L/(m*m*m) 

 

k4=10^-6 

Units: Tonne/mg dw 

kA=0.025 

Units: mgP/L 

kFa=1 

Units: mg dw/L 

kFz=5 

Units: mg dw/L 

kS=0.5 



 

73 

 

Units: mg dw/L 

kZ=2 

Units: mg dw/L 

LakeArea=f4*WaterHeight 

Units: m*m 

MassPin A=0.009 

Units: mgP/mg dw 

mF=1.8 

Units: 1/Month 

MonthsOfYear=MODULO(Time, 12) 

Units: Month 

mS=0.6 

Units: 1/Month 

mZ=3 

Units: 1/Month 

OutFlow=IF THEN ELSE(Flow>0, 0, -Flow) 

Units: L/Month 

P= INTEG (P FromA Death+"P FromS&F Death"+"P FromS&F Excrete" 

+P FromZ Death+P FromZ Excrete+P InToLake+P Regen 

-P Deposition-P OutFromLake-P UptakeByA, Initial P) 

Units: mgP 

P Burial=P Deposition*FracBurial 

Units: mgP/Month 

P ConInflow=EffectOnConInFlow(Ratio) 

Units: mgP/L 

P ConLake=IF THEN ELSE( P>0, P/WaterVolume, 0) 

Units: mgP/L 

P ConSed=P SurSed/SedVolume 

Units: mgP/L 

P Deposition= 

 IF THEN ELSE( P ConLake>0, P SettlingRate*LakeArea*P ConLake*k2, 0) 

Units: mgP/Month 

P FromA Death=RoA*A Death*WaterVolume 

Units: mgP/Month 
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"P FromS&F Death"= ((RoS*S Death)+(RoF*F Death))/k4 

Units: mgP/Month 

"P FromS&F Excrete"= 

 ((EthaF*(Z EatenByF+A EatenByF))+(EthaS*Z EatenByS))*WaterVolume 

Units: mgP/Month 

P FromZ Death=RoZ*Z Death*WaterVolume 

Units: mgP/Month 

P FromZ Excrete=EthaZ*A EatenByZ*WaterVolume 

Units: mgP/Month 

P InToLake=InFlow*P ConInflow 

Units: mgP/Month 

P OutFromLake=IF THEN ELSE(P ConLake>0, P ConLake*OutFlow, 0) 

Units: mgP/Month 

P Regen=LakeArea*P RegenRate*P ConSed*k3 

Units: mgP/Month 

P RegenRate=0.0016 

Units: m/Month 

P SettlingRate=0.6 

Units: m/Month 

P SurSed= INTEG (-P Burial-P Regen+P Deposition, Initial P SurSed) 

Units: mgP 

P UptakeByA=MIN(P/TIME STEP, A*PhyA*WaterVolume) 

Units: mgP/Month 

PhyA= (PO4Lake/(kA+PO4Lake))*BetaA 

Units: mgP/(Month*mg dw) 

PhyFa=BetaF*A/(((kFa+kFz)/2)+(A+Z)) 

Units: 1/Month 

PhyFz=BetaF*Z/(((kFa+kFz)/2)+(A+Z)) 

Units: 1/Month 

PhyS= BetaS*(Z/(kS+Z)) 

Units: 1/Month 

PhyZ= BetaZ*(A/(kZ+A)) 

Units: 1/Month 

PO4Lake=P ConLake*Proportion 
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Units: mgP/L 

Proportion=0.84 

Units: Dmnl 

q=0.001 

Units: 1/Dai/Month 

Ratio= MonthsOfYear/UnitMonth 

Units: Dmnl 

RecruitmentRate=IF THEN ELSE(S>0, S/TimeConstant, 0) 

Units: Tonne/Month 

RefFlow=2.59e+013 

Units: L/Month 

RefInflowLarvae=0.00591 

Units: Tonne/Month 

RoA=0.003 

Units: mgP/mg dw 

RoF=0.00375 

Units: mgP/mg dw 

RoS=0.00375 

Units: mgP/mg dw 

RoZ=0.004 

Units: mgP/mg dw 

 

S= INTEG (InflowLarvae+S GrowthFromZ-RecruitmentRate-S Death, Initial S) 

Units: Tonne 

S Death=IF THEN ELSE(S>0, S*mS*S/(c3+S), 0) 

Units: Tonne/Month 

S GrowthFromZ=eS*Z EatenByS*WaterVolume*k4 

Units: Tonne/Month 

SAVEPER = TIME STEP 

Units: Month [0,?] 

SeasonActivity=IF THEN ELSE( MonthsOfYear<=6, 0, 1) 

Units: Dmnl 

SedHeight=0.01 

Units: m 
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SedVolume=SedHeight*LakeArea*k3 

Units: L 

TIME STEP  = 0.0625 

Units: Month [0,?] 

TimeConstant=6 

Units: Month 

UnitMonth=1 

Units: Month 

WaterHeight= (f1-ForTest)*sin(2*3.14159*(Time-f3)/WaterPeriod)+f2 

Units: m 

WaterPeriod=12 

Units: Month 

WaterVolume=k1*f5*WaterHeight*WaterHeight 

Units: L 

Z= INTEG (Z Growth-Z Death-Z EatenByF-Z EatenByS, Initial Z) 

Units: mg dw/L 

Z Death=IF THEN ELSE(Z>0, mZ*Z*Z/(c1+Z), 0) 

Units: mg dw/(Month*L) 

Z EatenByF=MIN(Z/TIME STEP,  PhyFz*F/(k4*WaterVolume)) 

Units: mg dw/(L*Month) 

Z EatenByS=MIN(Z/TIME STEP,  PhyS*S/(k4*WaterVolume)) 

Units: mg dw/(L*Month) 

Z Growth=A EatenByZ*eZ 

Units: mg dw/(Month*L) 
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A.3.1.Estimate of TP-PO4 relationship using data from Sarkkula et al., (2010)  

Date 
(yy/mm/dd) 

TP  
(mg/L) 

PO4- 
 (mg/L) 

19950716 100 70 
19950830 20 10 
19950919 20 9 
19951016 40 10 
19951118 30 7 
19951221 30 20 
19960117 30 20 
19960217 20 6 
19960316 30 30 
19960419 90 40 
19960529 160 110 
19960621 110 60 
19960710 40 10 
19960813 10 5 
19960918 40 30 
19961022 20 7 
19961119 10 3 
19961217 10 1 
19970121 20 5 
19970217 20 4 
19970318 20 8 
19970424 60 30 
19970520 150 120 
19970624 140 100 
19970725 50 30 
19970822 30 10 
19970917 10 30 
19971017 10 5 
19971124 20 10 
19971229 20 1 
19980127 30 10 
19980219 30 10 
19980324 50 20 
19980427 120 70 
19980527 200 160 
19980626 100 70 
19990920 10 3 
19991013 10 7 
19991112 10 2 
19991222 20 7 
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Date 
(yy/mm/dd) 

TP 
(mg/L) 

PO4- 
(mg/L) 

19950716 100 70 
20000128 30 20 
20000223 30 10 
20000313 20 10 
20000412 40 20 
20000529 20 9 
20000629 40 30 
20000727 20 10 
20000810 30 20 
20000929 10 8 
20001027 10 5 
20001116 10 4 
20001219 20 10 
20010617 17 9 
20010706 89.7 31 
20010718 12.8 6.9 
20010801 2.2 1.9 
20010801 1.5 0.1 
20010813 9 4 
20010813 9 3 
20010813 12 3 
20010813 8 3 
20010830 42 29 
20010902 17 11 
20010902 21 14 
20010902 11 3.9 
20010902 9 6.4 
20010912 13.7 7.4 
20010912 50.9 3.3 
20010912 12.4 5.9 
20010912 53 33.9 
20010927 9.8 1.7 
20010928 9.8 1.7 
20011029 4 1 
20011029 4 1 
20011112 7.5 3 
20011112 8 1 
20011112 8.1 2 
20011112 6.9 3 
20011211 13 6 
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Regression Statistics      
Multiple R 0.96      
R Square 0.92      
Adjusted R 
Square 0.92      
Standard Error 11.19      
Observations 82      
       
ANOVA       

  df SS MS F Sig.F  

Regression 1 112404 112404 897 
3.07E-

45  
Residual 80 10020 125    
Total 81 122425        
       

  Coeff 
Standard 

 Error t Stat P-value 
Lower 
 95% 

Upper  
95% 

Intercept 8.91 1.48 6.02 
4.94E-

08 5.97 11.86 

PO4
- 1.30 0.04 29.96 

3.07E-
45 1.21 1.39 

 
  

The data from Sarkkula et al. ( 2010) were used to establish the relationship 

between total P and PO4
- (the assumed available nutrient indicator for phytoplankton). 

The regression showed that TP within 95% confidence interval is about (1.21-1.39)* 

PO4
-. In other words, PO4

- is about 72-83% of TP. The average value was used to set 

up the relationship between TP and PO4
-. 
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A.3.2. Calculation note of nutrient composition of algal cells 

General formula for phytoplankton is expressed as  

 

��2�106��316�3��4 

 

which in molecular weight equals to 3180 + 272 + 98= 3550 g/mole. 

 

We assume atomic mass of C=12, H=1, 0=16, N=14, P=31. Then, the 

percentage of nutrient elements of dry weight plankton biomass C=35.83%, 

H=7.41%, O=49.58%, N=6.31% and P=31%. The summary of the results compared 

with other values found in literature are presented in Table A.3.2. 

 

Table A.3.2. Percentage of dry weight phytoplankton biomass 

Total 
Percent of dry weight 

biomass  Reference 
phytoplankton C N P   
  35.83 6.31 0.87 Calculated 
  40-50 8-9 1.5 Chen and Wells (1976) 
  40 7.2 1 Bowie et al. (1980) 
    6.1 0.88 Jorgensen 1976 
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A.3.3. Additional sensitivity tests to individual parameter variations  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.18a. Sensitivity of variable phytoplankton to variation of ρA  
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Figure 3.18b. Sensitivity of variable zooplankton to variation of ρA  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.18c. Sensitivity of variable fish stock biomass to variation of ρA  
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Figure 3.19a. Sensitivity of variable phytoplankton to variation of ρZ  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.19b. Sensitivity of variable zooplankton to variation of ρZ 
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Figure 3.19c. Sensitivity of variable fish stock biomass to variation of ρZ  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.20a. Sensitivity of variable phytoplankton to variation of ρS  
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Figure 3.20b. Sensitivity of variable zooplankton to variation of ρS  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.20c. Sensitivity of variable fish stock biomass to variation of ρS  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.21a. Sensitivity of variable phytoplankton to variation of ηZ 
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Figure 3.21b. Sensitivity of variable zooplankton to variation of ηZ  
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Figure 3.21c. Sensitivity of variable fish stock biomass to variation of ηZ  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.22a. Sensitivity of variable fish stock biomass to variation of ηS 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.22b. Sensitivity of variable zooplankton to variation of ηS  
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Figure 3.22c. Sensitivity of variable fish stock biomass to variation of ηS 
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Figure 3.23a. Sensitivity of variable phytoplankton to variation of µZ  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.23b. Sensitivity of variable zooplankton to variation of µZ 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.23c. Sensitivity of variable fish stock biomass to variation of µZ  
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Figure 3.24a. Sensitivity of variable phytoplankton to variation of µS  
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Figure 3.24b. Sensitivity of variable zooplankton to variation of µS  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.24c. Sensitivity of variable fish stock biomass to variation of µS  
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Figure 3.25a. Sensitivity of variable phytoplankton to variation of µF  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.25b. Sensitivity of variable zooplankton to variation of µF  
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Figure 3.25c. Sensitivity of variable fish stock biomass to variation of µF  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.26a. Sensitivity of variable phytoplankton to variation of εA  
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Figure 3.26b. Sensitivity of variable zooplankton to variation of εA  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.26c. Sensitivity of variable fish stock biomass to variation of εA  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

95 

 

Figure 3.27a. Sensitivity of variable phytoplankton to variation of εZ  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.27b. Sensitivity of variable zooplankton to variation of εZ  
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Figure 3.27c. Sensitivity of variable fish stock biomass to variation of εZ  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.28a. Sensitivity of variable fish stock biomass to variation of εFA  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

97 

 

Figure 3.28b. Sensitivity of variable fish stock biomass to variation of εFA  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.28c. Sensitivity of variable fish stock biomass to variation of εFA  
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Figure 3.29a. Sensitivity of variable phytoplankton to variation of εFA  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.29b. Sensitivity of variable zooplankton to variation of εFZ  

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.29c. Sensitivity of variable fish stock biomass to variation of εFZ  
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Figure 3.30a. Sensitivity of variable phytoplankton to variation of βA  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.30b. Sensitivity of variable zooplankton to variation of βA  
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Figure 3.30c. Sensitivity of variable fish stock biomass to variation of βA  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.31a. Sensitivity of variable phytoplankton to variation of βZ  
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Figure 3.31b. Sensitivity of variable zooplankton to variation of βZ  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.31c. Sensitivity of variable fish stock biomass to variation of βZ  
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Figure 3.32a. Sensitivity of variable phytoplankton to variation of βS  
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Figure 3.32b. Sensitivity of variable zooplankton to variation of βS  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.32c. Sensitivity of variable fish stock biomass to variation of βS  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.33a. Sensitivity of variable phytoplankton to variation of βF  
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Figure 3.33b. Sensitivity of variable zooplankton to variation of βF  

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.33c. Sensitivity of variable fish stock biomass to variation of βF  



 

105 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.34a. Sensitivity of variable phytoplankton to variation of kA 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.34b. Sensitivity of variable zooplankton to variation of kA 
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Figure 3.34c. Sensitivity of variable fish stock biomass to variation of kA 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.35a. Sensitivity of variable phytoplankton to variation of kZ 
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Figure 3.35b. Sensitivity of variable zooplankton to variation of kZ 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.35c. Sensitivity of variable fish stock biomass to variation of kZ 
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Figure 3.36a. Sensitivity of variable phytoplankton to variation of kFZ 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.36b. Sensitivity of variable zooplankton to variation of kFZ 
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Figure 3.36c. Sensitivity of variable fish stock biomass to variation of kFZ 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.37a. Sensitivity of variable phytoplankton to variation of K 
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Figure 3.37b. Sensitivity of variable zooplankton to variation of K 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.37c. Sensitivity of variable fish stock biomass to variation of K 
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CHAPTER 4 

A DYNAMIC MODEL FOR ECONOMIC IMPACT ASSESSMENT OF 

MEKONG FLOW CHANGE ON DAI FISHERIES 

 

4.1.Introduction 

Surveys have shown that in Cambodia both fresh and processed fish 

consumption, which dominates the animal protein sector of Khmer nutrition, play an 

extremely important role in national food security and subsistence diet in rural areas 

(Hand, 2003). Hand (2003), estimates that Cambodians obtain at least 75% of the 

animal protein in their diet from fish in freshwater and marine environments, and the 

Tonle Sap fisheries alone supplies approximately 40% of the total animal protein for 

the entire nation.  The nation is dependent on the Tonle Sap fish production for almost 

half of its animal protein, and therefore the Tonle Sap lake should be managed 

sustainably. Unfortunately, as noted by Hand (2003) a complacency exists among 

many Cambodians because the abundant fishery resources seemed inexhaustible and 

therefore no impetus for scientific understanding of fish production in the lake exists. 

 The Tonle Sap is rich in biodiversity and fish productivity, which many 

researchers believe is due largely to the annual flooding (Kummu and Sarkkula, 2008; 

Lamberts, 2006; Lamberts, 2008; and Keskinen et al., 2007). Flooding of the Tonle 

Sap generally occurs between June and October. Water levels decline rapidly during 

the dry season that extends from December to April, which is characterized by low 

rainfall and high evaporation rates. The lake is very shallow in the dry season with an 

average depth ~0.5 m, exceeding 3 m in depth in a few locations. The mean depth at 

the height of the flood is less than 7 m (Campbell et al, 2009). The changing water 

level has a number of consequences for the Lake’s chemistry and ecology. 

 The annual flooding of the Lake will be directly impacted by the construction of 

large hydropower dams and reservoirs in the upper reaches of the Mekong because 

around 60% of the Tonle Sap floodwater originates from the Mekong (Kummu and 

Sarkkula, 2008). Simulation results for a 3D hydrological model confirmed that for 

the intensive development scenarios3 in a dry year, the maximum height of the 

                                                           
3Three basin-wide scenarios were used in the study. Baseline: development of the basin is at 
the current level. Intensive Development: 55 km3 of hydropower and irrigation dams in the 
Chinese Mekong mainstream and in the upstream Mekong tributaries are constructed. 
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flooded Lake would be lowered by about half a meter and the surface area would be 

about 10 percent smaller (Baran et al., 2007). These results were similar to results 

from another hydrological study by the World Bank-Mekong River Commission 

(Kummu and Sarkkula, 2008). Kummu and Sarkkula (2008) compiled a cumulative 

impact assessment for the construction of large-scale hydropower dams and reservoirs 

in the upper part of the Mekong Basin on the change in flow of the Tonle Sap by 

reviewing major reports of the Mekong River Commission4 (MRC) and the Asian 

Development Bank (ADB). The model used by ADB predicts that over a 20-year time 

frame for the high development scenario, the maximum water level of the lake will be 

lowered by 0.54 m and the minimum water level of the lake will increase by 0.6 m 

(Kummu and Sarkkula, 2008).  

 Mekong riparian countries seem having ambitious development aspirations and 

the resources provided by the Mekong River remain the indispensible base of their 

economic pyramids. Hydropower projects on the Mekong River involve an extensive 

range of risks and uncertainties5, including, but not limited to: climate change, 

impacts on capture fisheries including the complex effects of trophic cascades, the 

ability of aquaculture to replace lost capture fisheries, the impacts of biodiversity loss, 

and the impacts of wetland and forest loss. Many researchers warned that Mekong 

governments are making economic development decisions now that, if not soon 

reconsidered based on more careful study, will imperil food security and livelihoods, 

threaten domestic political stability, and put great stress on still distrustful regional 

relationships (Keskinen et al., 2007). Many researchers have also warned that the 

valuable biodiversity and natural capital of the Tonle Sap is susceptible to degradation 
                                                                                                                                                                      

Mainstream Dams: dams in the Intensive Development scenario + 85 km3 of mainstream 
dams in Lao PDR, Thailand and Cambodia are constructed (Koponen et al., 2007). 

4 The Mekong River Commission (MRC) was formed on 5 April 1995 by an agreement 
between the governments of Cambodia, Lao PDR, Thailand and Vietnam. These four 
countries signed the Agreement on the Cooperation for the Sustainable Development of the 
Mekong River Basin 

5Risk here is defined as an event with a known probability, sometimes referred to as statistical 
uncertainty. However, true uncertainty is defined as an event with an unknown probability, 
sometimes referred to as indeterminacy. One can think of a continuum of uncertainty ranging 
from zero for certain information, to intermediate levels for information with statistical 
uncertainty and known probabilities (risk), to high levels for information with true uncertainty 
or indeterminacy. 
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when the floods that drive its productivity is altered (Kite, 2001; Kummu and Varis, 

2007; Keskinen et al., 2007, Lamberts and Koponen, 2008; Kummu and Sarkkula, 

2008; and Sarkkula et al., 2009).   

 Though the qualitative impacts of hydrological change on the Tonle Sap’s 

fishery production have been considered, extensive quantification of the impacts has 

not been done. Generally the research community expects that the flow change will 

negatively affect Tonle Sap’s ecosystem productivity in general, and fish productivity 

in particular. The aim of this paper is to quantify the impacts of changing the Tonle 

Sap’s water flow on the fishery production of the lake, both biologically and 

economically. This study investigates the complex dynamic interactions among the 

components that influence the fish stock of the Tonle Sap Lake using a holistic 

framework for analyzing these dynamic interactions. 

 A detailed discussion of expected flow changes on the Mekong and the 

consequential impacts on the hydrological flow of Tonle Sap Lake for different 

development scenarios can be found in Kummu et al., 2005. The preliminary starting 

point for the development of the model in this paper is based on the premise that 

 

• Alteration of the Mekong’s flow will affect the flow of the Tonle Sap, which 

in turn affects the nutrient flux to the lake that then affects the primary 

production for the food chain in the Tonle Sap 

 

• The slight increase in nutrient loading into the lake would increase fish 

production without negative side effects and vice versa (Sarkkula et al., 2004). 

 

4.2.Tonle Sap fisheries overview 

 This section reviews the fishery system in the floodplain lake Tonle Sap in 

general and the Dai fishery in particular. 

 

4.2.1. Some notes on fish production in the Tonle Sap lake 

Statements that Tonle Sap Lake is among the most productive freshwater 

ecosystems in the world are based on the large fish catch, and not on production data 

for any component of the lake ecosystem. This research does not aim to identify 

factors that contribute to the high productivity of the Lake. Campbell et al.( 2009) 

discuss in details the factors that may lead to the high productivity of the lake. They 
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argue with supporting evidence that many fish species in the lake derived most of 

their energy from phytoplankton and periphyton, with terrestrial organic material that 

is available for consumption during the inundation phase accounting for the smallest 

portion. The importance placed on phytoplankton provides justification for the 

detailed treatment of phytoplankton dynamics in this paper. 

 

4.2.2. Operational scale of the lake fisheries 

 Under the Fiat-law on fishery management and administration of 1987, inland 

fishing is subdivided into large and middle scale fishing for commercial purposes and 

small scale fishing for subsistence (McKenney and Prom, 2002). Large scale fishing 

includes fishing lots and bagnet fishery "Dai" fisheries that are leased out to the 

highest bidder for exclusive rights to commercial fishing for a two year period. The 

fishing lot encompasses a specified land and water area. A "Dai" is an anchored 

position in a river so that a bagnet or stationary trawl can capture fish migrating 

downstream (McKenney and Prom, 2002). The fishing lots are often the most 

productive fishing grounds in the area. Middle scale fishing uses fishing gear of a 

larger scale than those used by family fishers but smaller scale than those used by 

fishing lot operations. The users of the middle-scale fishing gear are required to obtain 

licenses and are allowed to fish only in the public fishery domain and only in the open 

season. Small scale fishing is characterized by the use several types of small-scale 

fishing gear. The categories of fishing operations are described in more detailed 

below, with rules on fishing access, boundaries, and seasons summarized in Table 4.1. 

 

 

 

 

 

 

 

 

 

 

 
Table 4.1: Legal categories of fresh water capture fisheries 
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Categories of 
fishing 

 Access  Fishing area  Fishing season 

Large-scale 
(industrial fishing 
for commercial 
purpose) 

 Lots leased 
out through 
auction 

 In fishing lot area, not 
including areas set aside 
for open access fishing 

 October 1 to May 31 
north of Phnom Penh; 
November 1 to June 
30 south of Phnom 
Penh 

Medium-scale 
(licensed fishing for 
gear sizes between 
large- and small-
scale 

 License 
required 

 Public fisheries domain 
(i.e. areas outside fishing 
lots fish sanctuaries, and 
protected inundated 
forest) 

 October 1 to May 31 
north of Phnom Penh; 
November 1 to June 
30 south of Phnom 
Penh 

Small-scale (family 
scale fishing for 
subsistence only) 

 No license 
required 

 Public fisheries domain 
and inside fishing lots 
during the closed season 

 All year 

Source: McKenney and Prom (2002) 

 

 

4.2.3. Dai fisheries 

 Bagnet or Dai fisheries contribute a significant portion to the total catch of the 

freshwater fisheries in Cambodia. They are located in the lower part of the Tonle Sap 

River, 4-30 km north of Phnom Penh and are considered to be large-scale inland 

water fisheries. Deap (1999) reported that according to the official 1995 fisheries 

statistics of the Department of Fisheries (DoF), the bagnet fisheries contributed 10-20 

% of the total annual inland fish production of 65,000-75,000 tons. However, the 

author warned that fishery data in general are limited and unreliable. The main species 

caught by Dai units and the relationship between Dai fisheries and the total catch are 

shown in Table 4.2.  

 Dai units are operated singly and are often joined with three to eight others in a 

row across the river, forming large barrages that leave just enough space for 

navigation. Two bamboo rafts about 25 m apart are linked together by bamboo poles 

and are held stationary by anchors in the river. A sampan (small flat boat) is placed 

between them, ensuring stability for the whole structure. A cone-shaped net is placed 

in the water between the two rafts by ropes. Its mouth diameter is 25 m and the net is 

120 m long. Mesh size is 15 cm at the entrance and 1 cm at the bag. When catches are 

low, an open-weave basket made of bamboo and rattan is attached to the last part of 
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the bag, which can be winched (?) onto the wooden platform where the catch is 

deposited for sorting. The Dai is kept open by the force of the water current with the 

help of anchors and two vertical bamboo poles fixed to the rafts to catch fish moving 

down-stream with the receding floodwater. Table 4.2 indicates that Dai units catch 

mainly white fish species. 

 

 
Table 4.2: Main fish species caught by Dai  

Local name  Scientific names  Catch (Ton) Catch (%) 
Trey Riel  Henicorhynchus species 5228 53 
Arch Kok Dangilaspilopleura 820 8 
SloeukRussey Paralaubucatypus 571 6 
Chrakeng Puntioplitesproctozysron 466 5 
Kaek Moruliuschrysophekadion 417 4 
Klang Hay  Belodontichthysdinema 361 4 
Kanchrouk Botia species 331 3 
Po  Pangasiuslarnaudiei 280 3 
Linh Thynnichthysthynnoides 275 3 
Krum  Osteochilusmelanopleurus 217 2 
KhnongVeng Dangila species 215 2 
Chhveat Pangasiussiamensis species 194 2 
AndatChhke Achiroidesleucorhynchos 171 2 
Pra Pangasiushypophthalmus species 162 2 
Ruschek Acantopsis species  153 2 
Total   9861 100 
Source: Hap and Ngor (2000)   

 

 

 

4.3.Developing ecological economic model of the Dai fisheries 

 Though there is a growing awareness of the importance of ecosystems and 

biodiversity to human welfare, loss of biodiversity and degradation of ecosystems still 

continue on a large scale. In spite of the fact that many people benefit from ecosystem 

services, individuals or groups usually have insufficient incentives to maintain 

ecosystems for continued provisioning of services. For example, open access fisheries 

provide valuable harvests but often suffer from over-exploitation that leads to declines 

in fish populations and lowered future harvests. Complex dynamics between the 
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ecology-economy interfaces often lead to large scale and persistent degradation of the 

natural environment and accelerating loss of ecosystem services and biodiversity. 

 Over the past few decades many attempts have been made to systematically link 

the functioning of ecosystems with human well-being. Central elements in this link 

are the intertwined notions of natural capital stocks and the ecosystem services that 

flow like interest or dividends from those stocks. The review here is not intended to 

be extensive. Westman (1977) published a paper in Science examining the link 

between ecological and economic systems. The notion of ecosystems as providers of 

ecosystem services and economic benefits was further elaborated in the following 

decades by (Odum, 1989; Folke et al., 1991). The publications by Costanza et al. 

(1997) popularized the concept and it received widespread attention. Based on these 

and other studies, the Millennium Ecosystem Assessment (MA, 2005) recognized four 

categories of services of ecosystems: supporting (e.g. nutrient cycling, soil formation 

and primary production); provisioning (e.g. food, fresh water, wood and fiber and 

fuel); regulating (e.g. climate regulation, flood and disease regulation and water 

purification); and cultural (aesthetic, spiritual, educational and recreational). 

 While a systematic link of ecology with economics is interesting and promising 

for natural resource management, knowledge is lacking about the contribution of 

ecosystem processes and biodiversity to human welfare and how human actions lead 

to environmental change with impacts on human welfare. Walters (1986) argued that 

there are two fundamental flaws in the early development of renewable resources 

science: first, early research efforts concentrated primarily on ecological and technical 

issues, with little consideration given to socioeconomic dynamics that are essential to 

overall system behavior and second, an epistemology guided by the notion that more 

detailed analysis of system components can help better understand the system. 

However, ecosystems managed to create economic and social opportunity are 

embedded within larger ecological-economic systems that exhibit behavior 

characterized by complex interactions among component parts, including feedback 

loops, time lags, and thresholds. The complex interactions among component parts in 

an ecosystem are poorly understood using the reductionist perspective of classical 

science (Costanza, et al., 1993). We review here the literature on the integration of 

ecology and economics in the area of management of lake ecosystems. 

 In recognition of the need to address the lake management in a more holistic 

manner, models integrating ecology and economics have been developed with a 
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strong focus on the problem of eutrophication (Carpenter et al., 1999a; Ludwig et al., 

2003; Hein, 2006; Iwasa et al., 2007). Though the primary dynamics of interest of 

these ecological-economic models of lake eutrophication are not the same, certain 

essential functions such as P loading, an evaluation scheme of lake services, and some 

representation of the nonlinearities associated with system behavior appear in every 

model. These studies also clearly indicate that the ecological-economic dynamics 

associated with lake eutrophication are complex.  Since there are nonlinearities 

associated with both the ecological and socioeconomic components of these systems, 

the application of an integrated model that addresses both domains of uncertainty in a 

specific ecological-economic system is challenging. 

 

4.3.1. Conceptualization issues of the model 

 The Tonle Sap Lake and floodplain ecosystem is a large, complex ecosystem 

which is poorly understood (Lamberts, 2008). Many interrelationships between 

components in the system exist and the components change over time. This 

complexity, together with data deficiencies, lead many researchers to believe that a 

quantitative model for fishery management in Tonle Sap cannot be constructed. These 

concerns comprise three of the seven misconceptions about modeling that have been 

identified by Starfield (1997). He concluded that models can be built with an 

incomplete understanding of the behavior of a system or population; even if gaps exist 

in the data and even if all the detailed intricacies of a biological system are not 

included.  

 Often, trade-off exists between simplicity and accuracy of a model. While 

models should be realistic in capturing interactions of essential components in a 

system, complicated models require large datasets for computation and simulation. 

Generally, the data needed for modeling work are incomplete, which means that the 

details and complexity of the model must be balanced. Decisions must be made about 

the number of ecosystem components that should be explicitly included in the model 

(Edwards, 2001) and the model’s degree of complexity (Li et al., 2010). No 

guidelines exist in order to address these questions. Ecological modeling is an art 

(Getz, 1998) and (Jørgensen, 1999) and the real art in ecological modeling is to select 

the appropriate level of resolution to convey a particular properties of a real system 

(Getz, 1998). 
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 Food web modelers do not agree on a method for determining the most 

appropriate level of resolution for modeling a food web system. As a result, they fall 

between two philosophical poles of minimum versus maximum levels of resolution. 

At the maximalist end, modelers are drawn by the natural history imperative to 

elaborate the details; at the minimalist end, they are drawn by the theoretical 

imperative to encapsulate the details. However, the modelers may avoid being too 

extreme in following their predilections if they are precise about the motivations for 

building the model and focus as sharply as possible on the question at hand (Starfield, 

1997). 

 In a simple food chain model, fish are viewed as consumers of zooplankton 

which themselves feed upon phytoplankton. As phytoplankton synthesize organic 

matter by photosynthesis, fish and other trophic level organisms are tied to 

fundamental biogeochemical variables such as phytoplankton and nutrient 

concentration. Although researchers recognize that interactions between the upper and 

the lower trophic levels occur, the two systems are studied separately (Fennel, 2008) 

and the feedbacks loops between them are therefore neglected. Fennel (2008) also 

wrote that there are two broad branches (biogeochemistry and fish production) 

looking either at the lower or at the upper parts of a food web. Biogeochemical 

nutrient cycling models treat the upper trophic level (fish) dynamics implicitly as a 

zooplankton morality term while fish production models see the lower food web as a 

prescribed zooplankton food source. The two branches need to be connected.  

 More complex food web research has produced a proliferation of end-to-end 

models, also known as whole-of-system-models which attempt to represent the entire 

ecological system integrating physical and biological processes at different scales 

with human components and the associated abiotic environment (Fulton, 2010). 

Fulton (2010) provides an excellent review of the weaknesses and strengths of end-to-

end models and warned that 1) there is no best way of constructing end-to-end models 

and extreme resolution for all aspects of a model is not an effective approach and 2) 

extremely complicated models are not necessarily useful because they are particularly 

impacted by uncertainty.  

 The foodweb model in this paper includes only five compartments: nutrients, 

phytoplankton, zooplankton, small fish and adult fish. The biogeochemical fish 

biomass model structure is designed to understand the behavioral response of the 

dynamics for the fish stock given changes in the Tonle Sap’s flow. Some modelers 
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may argue that these are insufficient because the food web is a very complex system. 

As Christian (1994), quoting (Pomeroy and Wiebe, 1988) wrote “neither the modelers 

nor the empiricists really know how many steps there are in food chains in natural 

waters or how much the length of the chain may vary in time and space.” 

 The foodweb model used here was built to simulate the seasonal dynamics of 

the main state variables in a simplified food web of the Tonle Sap ecosystems. It is to 

be used as a simulation tool to help identify key unknowns in order to prioritize and 

direct future scientific research at a macroscopic scale. While highly simplified, the 

constituent functional representations of ecological processes, and their respective 

parameterizations, are expected to numerically compensate for those aspects of 

ecosystem behavior which have not been included. 

 

4.3.2. Data accuracy and reliability 

 Although good data is essential, more data will not necessarily lead to 

significantly better decisions (Dudley, 2008). Some experienced researchers in inland 

fisheries warned that data and institutional capacity to employ multi-species biomass 

dynamics and age-structure models invariably render their use impractical, 

particularly in less developed regions of the world (Halls et al., 2006). 

 Data for fishery modeling in Cambodia are scarce and available data may not be 

accurate. Department of Fisheries’ provincial offices collect catch data for the 

licensed, large and medium-scale fishing operations using a mandatory reporting 

system. This system is prone to under reporting by operators as license prices are 

partially determined by the operator’s past catches and revenues. 

 

4.3.3. Formulating the model 

Hanley et al. (2007) concluded that fisheries economics has a number of 

properties that are not present in other branches of economics because the fish stock 

evolves as a result of the interaction between a natural production function that 

defines the biological growth, and a harvest production function that is an increasing 

function of the resource stock. The ecological-economic model presented here is 

similar to the work done by Avila-Foucat et al. (2009). However, some differences 

exist. The ecological sector for the food web portion of the model by Avila-Foucat et 

al. (2009) employs Ecopath, a software for modeling a food-web of species 

interactions in a steady state and the economic sector of their model also describes the 
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production in the steady state. Thus, the integrated model provides insights into the 

properties of the general system only at equilibrium. The major limitation of the 

model as noted by the authors is that the model can be used to evaluate the impact of 

perturbations on the system equilibrium through the comparative statics of the model 

and cannot be used to evaluate the transition between equilibria. The model presented 

here overcomes these limitations so that it can be used it to evaluate the transient state 

of the system. 

 

 The list of the equations6 for the model is presented below: 

 

(4.1)  

       (4.2) 

      (4.3) 

      (4.4) 

    (4.5) 

(4.6)

 
 

         (4.7) 

         (4.8) 

         (4.9) 

         (4.10) 

                                                           
6 The details of definition and symbols used in the list of equations were described in Ch. 4  
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       (4.11) 

       (4.12) 

    (4.13)       

       (4.14)       

    (4.15)  

Where κ is an assumed constant value7. 

 

CatchFromDai is the production function (ht) for Dai fishery. The production 

function8 is formulated as  

          (4.16)  

 Where   

 The unit of the catchability is fish caught per fish available per unit effort per 

time unit. The unit can also be written as 1/unit effort/time unit or 1/(unit effort*time 

unit).   

 

 The total net operating revenue 

        (4.17)  

 Where  

  

 And our optimization problem is 

                                                           
7 When performing sensitivity test, we let K vary between 0.28 and 0.37 (see Ch.3) 

8 The discussion of different type of production function is given in the following section 
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    (4.18) 

 Subject to           

       (4.19)  

 and                                       (4.20) 

 Emax denotes the maximum effort capacity of the Dai fisheries 

 

 

4.3.3.1.Defining fishing effort of the Dai fisheries 

 Fishing effort has a great impact on the economics of fisheries and other bio-

resources. Various studies have indicated that fishing effort may be represented by the 

number of fishing units, trips or days of fishing or the total number of vessel-days per 

unit time. Fishing effort and its unit cannot be appropriately defined without knowing 

the fishing gear in use (Clark, 1990). The fishing effort for the Dai fisheries is defined 

herein as the number of Dai fishing units. 

 

4.3.3.2.Operational cost of the Dai fishery 

 The data needed to estimate the cost per unit effort for the Dai fisheries are as 

follows: 1) the fixed cost for operating a Dai unit includes depreciation of the fishing 

gear (tools: bamboo raft, fish basket, net, iron cable, hand winch, anchors, sampan, 

floating house and cage), the lease fee per year (the fee is determined by auction), 

maintenance cost and credit interest and 2) the variable cost for operating a Dai unit 

includes labor cost (wage, food expenditure) and fuel expenditure. Total cost is the 

sum of variable cost and fixed cost.  

 The operation costs and other economic data are based on published literature. 

The detailed financial analysis of the Dai fisheries can be found in Hap and Ngor, 

(2001). Based on data from interviews with Dai owners, the total cost of a Dai unit 

was estimated to be 131 092 000 Riel and the total revenue from a Dai unit was 59 

787 000 Riel9 for the 1999-2000 fishing season. This estimate indicates that that the 

Dai fisheries were not profitable. The authors also computed the cost and revenue of 

Dai fisheries using the data from an MRC project. They found the total revenue in 
                                                           
9 Riel is the currency of Cambodia. The rate in 2000 was Riel 4000 against USD 1. 
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1999-2000 fishing season was 181 857 000 Riel. This estimate indicated that the Dai 

fisheries were profitable. The Dai fisheries are assumed here to be profitable. 

 

4.3.3.3.Discounting in Dai fisheries 

 Discounting addresses the problem of comparing values from one time period 

with those from another. The larger the discount rate, the more weight that is placed 

on costs and benefits in the near term over costs and benefits in the future. When 

evaluating policies that span generations, choosing a discount rate can have an 

overwhelming effect on the analysis. Hannesson (1987) wrote that on the one hand, as 

the discount rate expresses a required rate of return on a growing asset, for a 

renewable resource with a concave growth function, a higher rate of discount implies 

a smaller standing stock. On the other hand, as the discount rate expresses the 

opportunity cost of capital to be invested in harvesting equipment, a higher discount 

rate means harvesting is more costly, which in turn implies a less intensive optimal 

harvesting and a larger standing stock.  

 Although discounting in deterministic models of commercial fishing generally 

occurs, many cases exist where discounting does not occur (Piourde and Bodell, 

1984). The decision to discount reflects the analyst's beliefs about the distant future. 

In some instances the choice seems to be made based on mathematical convenience 

rather than ethics (Piourde and Bodell, 1984). The widely cited paper by Frederick et 

al. (2002)10offers a review and discussion on the issues associated with discounting. 

Other useful information on the issue of the discount rate can be found in (Hannesson, 

1987, Piourde and Bodell, 1984; and Sandal and Steinshamn, 1997). The discount 

rates used for natural resources valuation in some developing countries are reviewed 

here in order to choose an appropriate discounting rate for the Dai fisheries in 

Cambodia. 

 O’Garra (2007) conducted an economic valuation for inshore fisheries to 

estimate the net present value over a 10 year period for fisheries from Navakavu 

qoliqoli in Fiji. Kronen (2004) applied a discount rate of 14% for a socio-economic 

assessment of Tonga’s artisanal fisheries. van Beukering, et al., 2003 used a 4% 

discount rate for economic valuation of the Leuser National Park on Sumatra, 
                                                           
10 The number of citations of this paper by http://scholar.google.com/ was 1552 as of April 
2011. 
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Indonesia. De Lopez (2003) estimated the economic value of the Ream National Park, 

Cambodia using a discount rate of 10%. Sasaki and Yoshimoto (2010) estimated the 

benefits of tropical forest management in Cambodia for the new climate change 

agreement using various discount rate of 10%, which the authors assumed to 

represents unstable economic growth; 8.0%, which is representative of stable 

economic development and 4%. Some research suggests that sustainable discount 

rates need not be zero and theoretically, lower discount rate might actually lead to 

increasing levels of ecological degradation, and thus be less compatible with 

sustainability (Voinov and Farley, 2007).  

 The discount rate used in economic valuation of natural resources in developing 

countries tends to be between 4 and 15 percent. A discount rate of 4% is used here 

and sensitivity testing of the model will be conducted using 8 and 10 percent discount 

rates. 

 

4.3.3.4.Estimating time to mature for fish in the lake 

 The time delay for fish to mature varies significantly depending on the fish 

species under consideration. Some authors (Guneralp and Barlas, 2003) assume young 

fish become fishable in 60 months or five years, while Dudley (2008) assumed a 

maturity time of more than three years. Here, 7 months is used as the time needed for 

fish to mature.  

 Mekong water flows from the Tonle Sap River into the Tonle Sap Lake in April 

or May at the close of  the fishing season and water flows back in October or 

November at the opening of the fishing season. The fish migrating to and from the 

Tonle Sap are mostly whitefish. The migratory pattern gives the whitefish about 6-7 

months to grow. 

 

4.3.3.5.Estimating production function for Dai fisheries 

 The production function is a major component of a fishery model. The 

development of a production function for the Dai fishery is based largely on a fish 

biomass estimate by (Halls, et al., 2008). While a stock assessment is studied by Halls 

et al. (2008), it is not critically reviewed here. Significant effort gone into developing 

methods/approaches for assessment of fish stock biomass though success is limited. 

The worldwide fishery crises have been well documented (Clark, 2006; Dudley, 

2008). Dudley (2008) provides a good account of those fishery crises. 
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 As mentioned previously, various forms of production functions are used in 

fisheries. Here, the issues of parameterization for only two types of production 

function are discussed: the Cobb-Douglas and the Schaefer production function. The 

Schaefer production function is the special case (α =1 and β=1) of the Cobb-Douglas 

function. 

 Halls et al. (2008) estimated the catch and biomass of the Dai fishery as 

presented in Table 4.3. These data are used to estimate the catchability coefficient q, 

α and β.The statistical procedure for the estimate of the coefficients is the same as 

that described in (Conrad, 1992), which is a least squares regression. Table 4.3 

contains some information that should be critically considered. In 2004, the fish catch 

equaled the biomass and this might be possible (though unlikely). However, the catch 

in 2005 was estimated to be larger than the fish biomass and this is very questionable. 

Therefore, we run the analysis with and without these data points. Regression results 

used for the estimate of the coefficients for Cobb-Douglas function and Schafer 

function are discussed later in this section. 

 

 

 
Table 4.3. Data on catch, annual biomass and effort in the Dai fishery 

Year (t) 
Catch (ht) 
(Tonne) 

Biomass (Bt) 
(Tonne) 

Dai units (Et)* 
(Dai) 

1999 10000 10000 60 
2000 12500 17500 67 
2001 25000 42500 68 
2002 17500 32500 55 
2003 12500 27500 58 
2004 10000 10000 54 
2005 25000 17500 58 
2006 35000 40000 54 
2007 17500 20000 63 
2008 10000 12500 62 
Source: (Halls et al., 2008)  
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• Cobb-Douglas functional form h=qEαBβ    

The data in Table 4.3 are used to estimate q, α and β. The value of α and β is 

greater than 0 but less than 1 (i.e 0<α, β<1). 

We take the natural log of both sides, we get 

 

logℎ=����+� ����+�����     (4.21) 

 

 Using data presented in Table 4.3, regression was used to estimate q, α and β. 

The results of the regression are presented in Table 4.4. The result shows that while 

the estimate of α is significant at the 5% level, the intercept and β are not significant 

at all. The results also show a negative value of β, which seems unreasonable. The 

data points for year 2004 and 2005 may have caused this problem. The regression was 

completed again without the data points. The results are not different. As can be seen 

in Table 4.5, the estimate of β is still negative and not significant.   

 

 
Table 4.4: Estimate of q, α and β with original data 

Regression Statistics           
Multiple R  0.78           
R Square  0.62           
Adjusted R 
Square  0.51           
Standard Error  0.31           
Observations  10           

             
ANOVA             

   df  SS  MS  F 
Significance 

F   
Regression  2  1.12  0.56  5.73  0.03   
Residual  7  0.69  0.10       
Total  9  1.81            

             

   Coefficients 
Standard 
Error  t Stat 

P‐
value  Lower 95% 

Upper 
95% 

Intercept  5.84  5.38  1.08  0.31  ‐6.89  18.56 
log B  0.65  0.19  3.36  0.01  0.19  1.11 
log E  ‐0.65  1.25  ‐0.52  0.62  ‐3.60  2.30 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Table 4.5: Estimate of q, α and β with adjusted data 

Regression Statistics      
Multiple R 0.86      
R Square 0.74      
Adjusted R 
Square 0.63      
Standard Error 0.27      
Observations 8      
       
ANOVA       

  df SS MS F 
Significance 

F  
Regression 2 1.02 0.51 6.99 0.03  
Residual 5 0.36 0.07    
Total 7 1.39        
       

  Coefficients 
Standard 

Error t Stat 
P-

value Lower 95% 
Upper 
95% 

Intercept 3.62 5.88 0.61 0.56 -11.50 18.74 
log B 0.70 0.19 3.58 0.01 0.20 1.21 
log E -0.25 1.24 -0.20 0.84 -3.44 2.94 

 

 

 

• Schaefer functional form h= qEB 

 Because the estimate of Cobb-Douglas function using the available data showed 

no promising results, this section uses data presented by (Halls et al., 2008), with the 

2005 data omitted, to estimate the catchability coefficient q for Schaefer production 

function. The results are presented in Table 4.6. The estimate is significant at 5% 

level. 
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Table 4.6: Estimate of q for Schaefer function using adjusted data  
Regression Statistics      

Multiple R 0.80      
R Square 0.64      
Adjusted R 
Square 0.59      
Standard Error 99      
Observations 9      
       
ANOVA       

  df SS MS F 
Significance 

F  
Regression 1 123801 123801 12.43 0.009  
Residual 7 69684 9954    
Total 8 193486        
       

  Coefficients 
Standard 

Error t Stat 
P-

value Lower 95% 
Upper 
95% 

Intercept 47.09 74.14 0.63 0.54 -128.22 222.41 
B 0.01 0.003 3.52 0.009 0.003 0.02 

 

 

 Substituting in the estimated value of q, the Schafer production function is 

 

ℎ=0.01∗�∗�        (4.22)  

 

 

4.4.Results and discussion 

 The dynamics of fishing effort is dependent on what Dai owners perceive the 

potential benefits to be. Dai owners enter the Dai fisheries if they think it is profitable 

and they exit the fisheries if they think it is not. Some authors proposed formula 

(4.23) to take into account the dynamics of fishing effort (de Kok and Wind, 1996; 

Clark, 1990 after Smith, 1969; Ruth, 1995 after Conrad and Clark, 1987) 

 

 

         (4.23) 

 Where k is constant; that is dE/dt is proportional to current economic rent.  
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 The differential equation (4.23) was developed to reflect this entry/exit decision, 

where k>0 is an adjustment parameter.  It implies that when profit is positive ph(t)-

cuE(t) >0 that effort increases and when profit is negative, effort decreases. To 

estimate k>0, time series data on effort and profit is needed. Effort in this study is the 

Dai fishing unit. While the data on effort are easily collected, the data on profit from 

the fisheries is unavailable in Cambodia. In the U.S, some of the economists within 

the National Marine Fisheries Service have access to the tax returns filed by 

fisherman and thus to the profit on a per vessel basis. But this approach cannot be 

used in Cambodia. 

 This data deficiency prevents the design of an optimal path for the control 

variable of fishing effort over time. However, the model can be used to estimate a 

constant fishing effort that yields maximal profit for the baseline and high 

development scenarios. However, optimal constant fishing effort as estimated by the 

model does not reflect the real situation because the number of Dai fishing units 

changed over time (Table 4.3). The focus of the model is not to predict the maximum 

value of the net benefit per se but rather the potential maximum profit for each 

scenario so that the relative loss of one against the other can be evaluated. 

 Given the purpose and assumptions discussed above, policy optimization is set 

up in Vensim in such a way that the fishing effort varies between 0 and 6811 Dai 

fishing units. The fishing efforts that maximize the present value of the net benefit 

from the Dai fisheries for different scenarios are presented in Table 4.7. The 

simulation results show that the maximum profit from the Dai fisheries occurs with 68 

Dai fishing units for the baseline scenario and 50 Dai fishing units for high 

development scenario.  
 

                                                           
11 68 is the maximum number of Dai fishing units found over the last 10 years 1999-2008. See 
table 5.3. 
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 The results from simulating NPV over 10 years12 for the baseline (NetPVa) and 

HD scenarios (NetPVb) at discount rates of 4%, 8% and 10%, respectively are 

presented in Table 4.8. The decrease in total profit with the flow change for all three 

discount rates is about 73%13.  

 The results presented in Tables 5.7 and Table 5.8 are based on assumptions that 

the average maximum water level decreases by 0.54 m during flood season and the 

average lowest water level in dry season increase by 0.6 m. This is based on the 

prediction by the model used by Asian Development Bank. However, other models 

produce different results. A more complete account on the issue can be found in 

Kummu and Sarkkula (2008) who reported the decrease in the maximum water level 

in flood season varies from 0.36 m to 0.54 m and the increase in the minimum water 

level in dry season varies from 0.15 m to 0.60 m. This section explores further the 

variation of the NPV of the Dai fisheries taking into account the uncertainty 

associated with parameters of the model and the stochasticity of the flood magnitude 

(i.e. the seasonal variation of the maximum and minimum water level). Because there 

                                                           
12 To save space, the tables show only the simulation results of the last two years over the 
simulation time frames (10 years) 

13lost benefit= (154000000000-41337724928)/154000000000=0.73 
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is no information to choose a specific distribution, the random variation of the flood 

magnitude is assumed to follow uniform distribution14. 

 

 
   
                                                           
14 It is recommended that if one does not have any reason to choose specific distribution 
sticking with a uniform distribution is usually sensible (Ventana, 2010) 
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 Results of sensitivity analysis of the NPV of the Dai fisheries under the BAU 

scenario are presented in figure 4.1 and under the HD scenario with the stochasticity 

of the flood magnitude taken into account is presented in figure 4.2. The figures show 

the variation of the NPV within confident interval of 50%, 75%, 95% and 100%. The 

range of the values of NPV at year 10 estimated within 95 person confidence under 

the BAU and HD scenarios are presented in figure 4.3 and figure 4.4 respectively.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1: Sensitivity of the NPV under the BAU scenario 
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Figure 4.2: Sensitivity of the NPV under the HD scenario 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3. Estimated NPV within 95% confidence interval at year 10 (under BAU 
scenario) showing the variation between 100 billion and 153 billion Riel 
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Figure 4.4. Estimated NPV within 95% confidence interval at year 10 (under HD 
scenario) showing the variation between 20 billion and 39 billion Riel 

 

 

Figure 4.3 and figure 4.4 show that the economic loss of the Dai fisheries under 

the HD scenario in comparison with the baseline scenario may range from 61% to 

87%.  

 

 

4.5.Conclusion 

 The ecological economic model developed in this chapter is a relatively simple, 

useful tool to investigate the economic impact of the Mekong flow alteration on the 

Dai fisheries of Cambodia. The model is unique compared with other similar models 

in terms of its provision of a logical, systematic integrated analysis of the impact of 

water flow alteration on fisheries. The model captured explicitly the dynamics of the 

fish stock for the Lake, a feature which many bioeconomic models fail to do. 

 The production function for fisheries has at least three forms: the simple form, 

the Schaefer form, which assumes a linear relationship between catch per unit effort 

and rate population abundance, the Cobb-Douglas form and the exponential form. The 
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Cobb-Douglas form has been widely used by marine fisheries economists. However, 

the Dai fishing unit of the Dai fisheries in the Tonle Sap has totally different 

characteristics from the fishing vessels. Most of these differences are due to the fact 

that the Dai fishing units are not mobile. Furthermore, the current existing data in the 

Dai fisheries in Cambodia cannot be used to estimate a Cobb-Douglas function. Based 

on the special characteristics of the Dai unit and the issues of the estimate of the 

Cobb-Douglas function, the simpler Schaefer production function is more appropriate 

function for modeling the Dai fisheries. 

 The model was used to run simulations to test the impact of altering the 

Mekong’s flow on the Dai fisheries. Simulation results found that flow alteration 

might have a significant impact on the fish production of the lake. Many researchers 

have expressed opinions about possible impacts, though have not provided evidence 

nor did they quantify the impact. The model performed the job well by providing a 

logical way of addressing the magnitude of the potential change. However, the results 

in this study have to be interpreted with care. The scientific method used in this study 

sets boundaries on the limits of knowledge by defining the edges of the envelope for 

what is known, although the shape of its interior can be a complete mystery. The 

method can identify the range of uncertainty but in most important cases it cannot tell 

us which of the possible outcomes will occur with any degree of accuracy.  
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APPENDIX TO CHAPTER 4 

 

A.4.1. Photo of Dai fishing units across the river 
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A.4.2. Equivalence between elements of Optimal Control and System Dynamics 

 

Table A.5.1: Equivalence between the elements of Optimal Control and System 

Dynamics 

Optimal control System Dynamics 

Finding maximum or minimum (generally 

by calculating derivatives) 

Finding Max or Min (generally by 

derivative-free algorithm) Here: Vensim 

Optimizer 

 Any level/state variable to be optimized 

x(t) state variables 

u(t) control variables 
Any variable15 

 Rate variable 

 Initial condition 

 Limiting function 

dt Time step, DT 

T Planning horizon 

t Time variable, TIME 

Source: Adapted to (Kivijarvi & Tuominen, 1986) 

 

 

 

 

 

 

 

                                                           
15 I think it is more helpful to define control variable like that used in classical optimal control 
theory. Many SDers seem paying very little attention to this issue. Control variable is like a 
steering mechanism which we can maneuver so as to drive the state variable to various 
position at any time via the differential equation. In other words, the control variable is a 
policy instrument that enables us to influence the state variable.   



 

139 

 

A.4.3 Other formula of functional response of a predator feeding on multiple 

preys  

 

Megrey et al., (2007) proposed formula of the feeding functional response 

equation for a predator feeding on multiple prey types which is different from what 

used for the model. 

 

Let Ci the consumption rate of predator i. Ci is expressed as a sum of 

consumption of each prey type j (Cij).  

 

 

��=�=1���� 

���=��������������1+�=� ����������� 

 

Where 

Cmax : Maximum consumption rate of a consumer/predator 

 in (g prey/g predator/day16) 

PDij : Density of prey of type j fed on by the consumer 

in (g prey/m3)  

Vij :The vulnerability of prey of type j to the consumer in 

(Dimensionless, with the value between 0 and 1) 

kij : The half saturating constant for consumer feeding on prey of type j 

in (g prey/m3)  

 

 

 

CHAPTER 5 

CONCLUSION 

                                                           
16The unit of maximum consumption rate is g prey/g predator/day. This conveys specific 
meaning. However, it is often found that unit is only 1/day. This is less clear.     
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5.1.Summary 

 Tonle Sap Lake in Cambodia is one of the world’s most productive inland 

fisheries, supplying protein to 40% of Cambodians who are dependent on fish in their 

diets. Sustainable use of the fishery resources and the management of the lake 

ecosystems are contemporary, real-world problems that demand a greater 

understanding of the lake’s ecosystem. The scientific advancement in the Lake’s 

resource management will require knowledge that cuts across disciplines, notably but 

not exclusively physics, biology, geochemistry, and economics. The complexity of the 

issues, already daunting, is exacerbated by decisions about major infrastructure 

projects that will change water use in the Mekong Basin.  

 

Hydropower projects on the Mekong River involve an extensive range of risks 

and uncertainties including, but not limited to: climate change, impacts on capture 

fisheries including the complex effects of trophic cascades, the ability of aquaculture 

to replace lost capture fisheries, the impacts of biodiversity loss, and the impacts of 

wetland and forest loss. Understanding must be distilled into quantitative language for 

incorporation into models that link variation and change in the physical environment 

with the dynamics of the ecosystem of the lake. A complete quantitative assessment 

of these issues may take years. The impacts of projects that change water flow in the 

Mekong Basin must be assessed in an ecological economic modeling context for their 

short- and long-term impact on down-river water-related values, which affect food 

security. Most ecological economic models ignore the linkages to lower trophic levels 

with environmental data and other bottom-up information is being widely 

disregarded. The models found in the literature today concentrate heavily on 

individual components of the ecosystem. Integration of different ecosystem 

components as well as external factors in the ecosystem models should be given more 

attention. 

 

Nutrient flow plays a crucial role in an ecosystem. In addition, it has many 

properties such as recycling and exchange between consumers and producers, which 

are similar to monetary flows in an economy. This dissertation presents the results 

from the first attempt at an ecological-economic evaluation of the effects of alteration 
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of hydrological flow of the Mekong on Tonle Sap fisheries using nutrients17as the 

currency in the ecological economic model. The comprehensive ecological economic 

model for assessment of the impacts has been developed step by step. Step 1 was the 

development of phosphorus budget model (Chapter 2). Step 2 was the development of 

a lake food web model (Chapter 3), and the final step was the development of an 

ecological economic model combining the food web model with economic 

components of the fisheries of Tonle Sap lake (Chapter 4).  

 

In Chapter 2, several total phosphorus models have been reviewed. The 

structures of these models and the details of the mechanisms affecting the dynamics 

of phosphorus differ. This chapter critically reviews the performance of those models 

to find the most appropriate phosphorus model for Cambodia’s Tonle Sap Lake. Then 

a dynamic phosphorus model is built to help explain the behavioral response of the 

lake to changes in its phosphorus loads. The computation and simulation were 

performed using Vensim, a software for building dynamic models. The behavioral 

response of TP for Tonle Sap lake with a high development (HD) scenario for the 

Mekong Basin is tested by lowering the maximum water level under the current 

scenario by 0.54m. The dynamic behavior of TP of Tonle Sap Lake for the current 

(BAU) and high development (HD) scenarios are compared. Results showed that with 

the HD scenario, the TP peak concentration of the lake would decrease although the 

basic cyclic behavior did not change significantly.  The phosphorus budget model for 

Tonle Sap should consider water-sediment interactions to correctly simulate seasonal 

or long-term dynamics of TP in this large shallow lake. Though the phosphorus model 

is able to handle interactions between sediments and water satisfactorily and works 

reasonably well, results of the model have to be interpreted with care because various 

model constants, including the parameters for settling rate, regeneration rate and the 

burial fraction of the TP, are not based on primary data and are calibrated to actual 

observations during the period April 2001-April 2002. Model calibration alone may 

not be adequate for validation and testing of TP model mechanisms (Seo and Canale, 

1996). Independent measurements of model fluxes and coefficients should be 

performed in association with model development to reduce the overall model 

uncertainty. 
                                                           
17 In this dissertation, phosphorus was used as the currency for the ecological‐economic model 
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In Chapter 3, a model that integrates the conventional food chain with nutrient 

and sediment-water interactions was presented. The overarching purpose of this 

chapter is to investigate the impacts of changing nutrient levels on the fishery 

productivity in the Tonle Sap lake. The secondary objective is to identify the key 

elements associated with the constituent processes of ecosystem of the lake to help 

direct future ecological research on the Tonle Sap Lake. The model consists of two 

main modules (1) a phosphorus-water-sediment module for shallow lake and (2) a 

food chain plankton-fish module. These two modules are linked to each other through 

the phosphorus variable. The qualitative behaviors generated by the model for all 

main variables were as expected. If the maximum water level of the Lake under the 

BAU scenario was lowered by 0.54 m annually over ten years, the total phosphorus 

(TP) peak concentration of the lake would decrease, although the basic cyclic 

behavior did not change significantly. However, the small change in the peak of TP 

has significant impact on the peak of fish stock of the Tonle Sap lake. Extensive 

simulations of the coupled nutrient-plankton-fish system model confirmed that the 

alteration of the Mekong’s flow for the high development scenario would be very 

likely to have significant impact on the fish production of Tonle Sap Lake. This 

finding is in line with some qualitative statement about the impact on ecosystems of 

Tonle Sap like that by Lamberts (2008) “Little Impact, Much Damage”. Though the 

coupled system model appears to provide reasonable qualitative behaviors for 

variables of interest, it is limited in its ability to explain or describe certain 

limnological processes of the Tonle Sap ecosystems. The model lacks detailed 

mechanisms to handle vertical transportation of nutrients due to upwelling and current 

sinking activities and also lacks spatial details due to the lack of segmentation for the 

hydrographic differences.  

 

In Chapter 4, a model integrating a biogeochemical nutrient-limited fish 

biomass model with a classical fisheries model was presented to study the economic 

impact of altering the Mekong’s flow on the Dai fisheries in Cambodia. The 

components of the model capture the interactions between nutrient loading, plankton 

growth, fish stocks and economic variables such as production cost and interest rate. 

The fish-production model component of the biogeochemical model builds on 

existing theories, which were substantially reformulated in order to facilitate coupling 
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of the two components. The dynamics of the fish-production model are driven by 

predator- prey interactions. The economic components of the model are developed to 

capture the economic impact of altering the Mekong’s flow on the fish stock of the 

lake given the fishery management regime in Cambodia. The characteristics of the 

Schafer production function are appropriate for the ecological-economic model of the 

Dai fisheries. By coupling the economic sector of the fisheries model with the nutrient 

limited fish biomass model, ecological and economic events can be studied 

comprehensively. The simulation results show that the economic loss of the Dai 

fisheries under the scenario of the high development (HD) of the Mekong Basin 

compared with the baseline scenario would be about between 61% and 87% over a 

period of 10 years. This potential loss would represent a major decline in the protein 

sources available to Cambodians and this number represents the first attempt to 

quantify the impact of the high development scenario. Policy makers in Cambodia 

need to understand that development will impact Tonle Sap fisheries and work to 

refine this estimate in order to make better decisions. 

 

The effort to obtain a better understanding of how the ecosystem of the lake 

works has been sizeable. Because the ecosystem of Tonle Sap Lake is complex and 

the available data is, in some respects inadequate, the conclusions from this research 

work should be read with care. Gaps in knowledge or understanding of the lake 

ecosystem can arise from the high uncertainty about the systems. Sensitivity analysis 

for all models presented in this dissertation was conducted systematically using a 

“Monte Carlo” approach, where parameter setting combinations are chosen at random 

from a preselected range and the model is rerun a large number of times to get a more 

complete picture of the full envelope of possible results. Almost all parameters of the 

models developed in this dissertation have a varying degree of uncertainty and some 

parameters are based only expert opinions. The distribution of the parameters was not 

known and was assumed to be uniform for the simulation and sensitivity analysis. 

And this is the reason why the dissertation adopted a less-hungry data approach-

System Dynamics- for the integrated system analysis. Though no comparisons 

between different types of models were undertaken due to resource constraints, 

underlying assumptions for every model developed in this research were clearly 

presented so that readers can critically evaluate the models and expand them if need 

be. 
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The quality of data used in model building and analysis also influence 

uncertainty. However, the methods to adequately communicate this source of 

uncertainty have not been adequately worked out or accepted. Data quality is often 

either ignored completely or oversimplified into “good” versus “bad” data. The lack 

of high quality data in the study area and in the Mekong Basin was acknowledged 

throughout this dissertation and no rigorous approach to deal with the issue was 

presented because the resources needed to address the issue are not available.  

 

The discount rate choice is a matter of some debate. Some debate exists as to 

whether a zero discount rate or a constant discount rate over time should be used. A 

constant rate assumes exponential discounting, and decreasing, logistic and other 

forms of discounting have also been proposed. Discounting using constant rate was 

done in this dissertation and no discussion was provided about the uncertainty in the 

analysis using other forms of discounting. However, no clear and unambiguous reason 

exists for choosing one form of discounting over the others. 

 

These major issues were considered critically important and significant effort 

has been put into modeling work of this dissertation to avoid “garbage in-garbage 

out”. However, many challenging issues remain. The boundary of the model was set 

in a way to minimize the interaction between the system under study and the rest of 

the universe in order to make the modeling work easier. However, the interactions 

between components not considered in the models may be numerous and significant. 

While the expansion of the model’s boundary seems appealing, a broad range of types 

and quality of data are required. Unfortunately, the data available about Tonle Sap 

ecosystems are not sufficient to implement this approach. 

 

Uncertainties associated with phosphorus loading, primary and secondary 

production indicate that significant gaps in current scientific knowledge about the 

ecology of Tonle Sap Lake exist. Various methods were employed here to display the 

uncertainty and sensitivity of the models in this dissertation; to clarify the degree of fit 

with existing data; and the limits on the quality of the data employed. Despites the 

problems of data deficiency and data quality, qualitative behavior from the extensive 

simulations under logically varying assumptions of the models showed that the flow 
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alteration for the high development scenario in the Mekong Basin would be very 

likely to have significant effect on ecosystems of the Tonle Sap Lake in general and 

in-lake fish production in particular.  

 

Though the knowledge about ecosystems and human systems in the Tonle Sap 

basin is incomplete, these systems are dynamic, and difficult-to-predict changes can 

occur over time. Management efforts in the Tonle Sap basin should recognize the 

dynamic character, complexity, and interconnectedness of linked ecological and 

human systems. Fishery resource management of the Tonle Sap Lake should move 

beyond traditional linear thinking and decision making to more of an adaptive 

management approach that can view policies as experiments from which we can 

learn. 

 

5.2.General recommendation 

  

• A change in the hydrology of the Mekong will change fish production. 

The case of Tonle Sap is a clear example. Therefore, the Mekong River 

Commission, development banks and major institutions involved in 

promoting projects that could affect natural services in general and 

herein fisheries in particular should formally adopt precautionary 

policies because these natural services underpin the welfare of a 

subsistence population of over 65 million people in the Lower Mekong. 

 

• Understanding fish production dynamics requires a consensus of natural 

and social scientists. A scoping and research model should be agreed 

upon by these two groups of scientists, which is then calibrated and 

refined overtime. Such a “Master Plan” should be a publicly accessible, 

with a web-based framework that serves as a central repository for data, 

reference literature and systems knowledge on the Tonle Sap. 

 

 

5.3.Recommendation for future research direction 
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 This dissertation addresses the impact of altering Mekong water flow on the 

ecosystem productivity of the Tonle Sap Lake. However, many critical assumptions 

have been made and the dissertation could not address all uncertainties in the system. 

Future research should be directed towards reducing these uncertainties, thereby 

providing a more reliable knowledge base for protecting the integrity of Tonle Sap’s 

ecosystem and for efficiently managing the lake fisheries. Below are some directions 

for future ecological research on Tonle Sap ecosystems:  
 

• Specific seasonal characteristics: The lake may exhibit different biological and 

ecological functioning during dry and wet season because the lake depth in the 

dry season is significantly different from that in the wet season. During the dry 

season, the body of water is so shallow that light penetrates to the bottom 

sediments to potentially support photosynthesis of aquatic plants over the 

entire basin. However, during the wet season, the lake seems deep enough that 

sunlight may not penetrate to the bottom and the lake may thermally stratify 

into two or three layers. Stratification may isolate much of the lake bottom 

from interactions with the water column. Moreover, as it is suggested from the 

literature, the rate of nutrient recycling is faster in shallow lakes than in deep 

lakes. 

 

• Spatial details: The models developed for this dissertation were designed to 

integrate data and knowledge over temporal scales but not over spatial scale. 

Spatial distribution of nutrient concentration and plankton may play an 

important role in the ecosystem dynamics of Tonle Sap Lake. This study 

assumed nutrient concentrations from the main channel and tributaries to 

Tonle Sap Lake are the same. Similarly, all concentrations of nutrient and 

plankton for the calibration are from only one sampling location in the lake. 

However, the lake is very large during the wet season. The concentration of 

nutrients and planktons is likely to vary spatially. 

 

• Growing interest in combining raster GIS and individual-based modeling18 to 

model dynamic spatial ecological processes at a landscape scale exists. 
                                                           
18 Critical issues of the individual-based modeling paradigm are discussed in section 4.21. 
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However, several issues that are critical to implementing individual-based 

models within raster GIS (Slothower, Schwarz, & Johnston, 1996) need to be 

addressed. These issues include: 1) defining the individual in terms of raster 

GIS grid cells; 2) defining the spatial neighborhood surrounding the 

individual; and 3) defining the rules that govern the dynamics of the 

individual. In individual-based models (IBMs), space is continuous and 

location is explicit, while in raster GIS, space is discrete and location is 

implicit. Therefore the implementation of an IBM within raster GIS requires 

translating the definition of individuals, neighborhoods, and rules into the 

implicit locations used in raster GIS. Without appropriately solving these 

critical issues, this approach is not recommended in the case of modeling the 

ecosystem dynamics of Tonle Sap. Spatially explicit dynamic ecological 

models should not be developed to show complex processes alone such as 

animal movement in the landscape but to provide efficient and logical way to 

learn the complexity.  
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