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The Crocodile River Catchment is a trans-boundary river that flows from South 

Africa into Mozambique traversing a variety of land use areas including forested upland 

areas to ecologically sensitive areas downstream in the “lowveld” region. The river also 

serves as a critical source of water for irrigation, mining and municipal water supply. 

These competing demands have put undue pressure on its water resources and the 

river is considered “oversubscribed” by governmental agencies. Water managers in the 

region are responsible for making critical decisions on water use allocations from the 

Crocodile River in a data-poor environment necessitating the use of models to simulate 

water use and management scenarios. Two major considerations in the interpretation of 

both observed and simulation data are the resolution of observation/prediction of 

hydrological events such as runoff, precipitation and groundwater movement and the 

resulting effects on management decisions which influence the ecological health, 

sustainability and resilience of the water catchment (Bloschl & Sivaplan, 1995).   

The evaluation of hydrologic model behavior and performance at different scales 

is achievable using a variety of statistical measures that compare simulated and 
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observed variables observed at the outlet of a catchment unit which in the South African 

context is at either the primary, secondary, quaternary or quinary scale. Single multi-

response efficiency criteria are traditionally used by hydrologists to provide information 

about the closeness of simulated outputs to observed data such as coefficient of 

efficiency and coefficient of determination. Owing to errors due to parameterization at 

different scales, these methods can be misleading and ambiguous resulting in incorrect 

verification of results used in making critical planning decisions.  A combination of 

normalized goodness-of-fit measures, observation of bias and confidence intervals and 

graphical presentation gives a more comprehensive approach to validating hydrological 

model simulations and flow data. The analysis involves comparing the outputs of the 

model when parameterized at the quaternary and quinary scales.  

Another tool for integrating environmental data, simulations and human 

interactions is the use of Bayesian networks in which water managers can combine and 

quantify variable factors such as economic output, ecological health and precipitation. 

While these models are inadequate in providing accurate system behavior of these 

outputs they have proved useful in integrating disparate sources of information to water 

managers that provide valuable insights in understanding the behavior of the Crocodile 

River system as a complex adaptive system. The process of configuring the Bayesian 

networks is performed iteratively. Sensitivity analysis on the different components of the 

system ensures that the model behavior aligns with reality. This approach presented 

demonstrates the application of Bayesian networks in the Crocodile River catchment of 

South Africa as qualitative and quantitative tool for strategic adaptive management. The 

Bayesian methodology approach proposed formalizes the reasoning and rules 
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demonstrated in an influence diagram. The feasibility of this Bayesian network is shown 

in economic and ecological scenarios that are developed to demonstrate various 

system states based on management variables such as dam construction, sectoral 

economic contribution and ecological reserve implementation. The resulting analysis 

indicates that the habitat, riparian, invertebrate and fish indices have the greatest 

influence over the results of the ecological state. The results will be useful in ongoing 

catchment level ecological monitoring efforts and in the development of management 

scenarios for water supply and management.   
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CHAPTER 1                                                                                                 
INTRODUCTION  

Overview of River Modeling in South Africa 

River systems in southern Africa are highly complex and coupled social-

ecological systems in which a variety of human stakeholders compete with ecological 

factors for limited water resources (Pahl-Wostl, et al., 2007).  As one of these 

multifaceted catchments, the Crocodile River is characterized by a diversity of 

connections between dynamic socio-ecological components. Inherent to complex 

systems is a characteristic that describes their ability to withstand and absorb change or 

disturbance and still retain their basic structure and functional attributes (Walker & Salt, 

2006). This characteristic is known as resilience and has been the focus of much effort 

in academic study (Gunderson & Holling, 2002) and institutional management (Pollard, 

Du Toit, & Biggs, 2011).  A fundamental characteristic in the resilience dynamic is the 

concept of temporal and spatial scale and its connection with physical and biological 

processes.  This dynamic is termed panarchy (Gunderson & Holling, 2002) and 

provides a useful construct for envisioning these scale interactions within an adaptive 

context.  Another critical element to understanding complex, adaptive systems is the 

role of systems simulation to explore these connections and drivers.  The literature 

referring to scale in hydrological models includes both a temporal and spatial 

description of heterogeneity which is essential in understanding underlying processes 

(Braun, Molnar, & Kleeberg, 1997). Bergstrom and Graham (1998) maintain that the 

magnitude of the scale problem is related to the specific hydrologic problem to be 

solved and to the scientific approach and perspective of the modeler. Scale issues 

confound both hydrological model developers and river managers in different ways.  
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Hydrological model developers may focus on whether the appropriate algorithms (and 

their corresponding input parameters) are being incorporated for the corresponding 

spatial and temporal execution while river managers seek to optimize river control and 

abstractions to provide consistent societal benefits while mitigating adverse 

consequences from extreme events.  Both of these perspectives must be integrated to 

set the conditions for successful adaptive control.  In attempting to manage the limited 

water resources in the catchment, environmental managers at the Inkomati Catchment 

Management Agency (ICMA) and the Kruger National Park (KNP) are concerned with 

implementing the policies of the National Water Act (National Water Act , 1998) which 

include the devolution of water management to catchment management agencies, 

implementation of the human and ecological water reserves and sustainable use of 

available water resources. The ICMA’s emergent strategic adaptive management 

framework takes into account the needs of various stakeholders within the catchment 

(Colvin, Everard, Goss, Klarenberg, & Ncala, 2008). This has necessitated the use of 

traditional hydrological models and the development of ecological models as 

management tools as an integral part of water resources management in the 

catchment. 

Research Questions, Objectives and Hypothesis 

Fundamental questions in the adaptive management (AM) effort addressed in 

this research of this riverine system are the following:   

1. How can river managers functionally describe resilience to meet the policies of the 

National Water Act of 1998? 

2. What practical solutions does eco-hydrological modeling using a distributed, 

catchment-scale hydrological model and integrative tools such as Bayesian 
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networks provide in operationalizing the proposed Adaptive Management framework 

in the Crocodile River?   

Given the need for improved water resource management in the Crocodile River 

and other South African catchments, it is important to define a method of modelling and 

monitoring resilience as well as investigating scale as it relates to management of water 

resources in the catchment.  This proposed research will utilize two systems tools, 

watershed-scale hydrological models and Bayesian networks (Bns), to investigate the 

relationship between scale and resilience in the Crocodile River catchment. Within this 

overall objective, this effort will focus upon two primary efforts. Firstly, the use of 

statistical analysis measures to evaluate the ACRU agro-hydrological model (Schulze, 

1995; Schulze and Smithers, 1995) performance and hydrological resilience at two 

different input/catchment scales. Secondly, the use of Bayesian networks that are 

increasingly used in environmental modelling and management (Varis, 1997; Marcot, 

Holthausen, Raphael, & Rowland, 2001; Borsuk, Stow, & Reckhow, 2004; Bromley, 

Jackson, Clymer, Giacomello, & Jensen, 2005). Bayesian networks are used to define 

and analyse ecological river states within a decision framework in the Crocodile River 

catchment.  This interdisciplinary study of water resource management in the Crocodile 

River addresses the following objectives: 

 To understand the performance of the ACRU model at different spatial and temporal 

scales currently used by river managers within the catchment (i.e. at quaternary and 

quinary scales).  

 To design a Bayesian belief network for decision support that integrates diverse data 

types such as quantitative data types such as stochastic hydrological data with 
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qualitative data types such as stakeholder view points, ecological endpoints and 

management goals and choices. This will include performing sensitivity analysis of 

Bayesian belief networks to determine effectiveness of making management choices 

at the different scales and the coarseness of data measurement.   

This research project examines the following specific hypothesis in addressing 

the afore-mentioned objectives.  

 Hypothesis 1:  The optimal performance of the ACRU hydrology model improves as 

the modeling resolution is increased (i.e. spatial, hydrological inputs are defined in 

greater detail). 

 Hypothesis 2: Bayesian networks provide a tool to test management scenarios and 

outcomes considering the ecological provisions of the National Water Act of South 

Africa. 

To address these diverse questions, this dissertation is divided into two 

background sections giving brief summaries of the study site and the computational 

tools to be used in the research.  Following this conceptual review, two chapters that will 

compose the body of this dissertation are described with preliminary results and 

research methods.  

Background 

Study Area 

The Crocodile River is part of the Eastern Transvaal Region and falls under the 

jurisdiction of the trans-border Komati River System with Mozambique lying in the North 

East and Swaziland in the South (Figure 1-1). The Crocodile River has its head water in 

the highveld regions east of the Drakensburg Mountains and flows steadily east over 

the escarpment and into the lowveld region of low rolling hills for 320 km with 
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approximately 1200km of tributaries. Ultimately, the Crocodile River joins the Komati 

River in Mozambique and terminates into the Indian Ocean. Additionally, the Crocodile 

River forms the Southern border of the Kruger National Park (Department of Water 

Affairs and Forestry , 2009). 

The Crocodile River catchment and its tributaries (Figure 1-2) is one of the 

largest irrigation areas in South Africa and provides the sole source of water for wide 

variety of users (Ashton, 1995).  The river catchment area is characterized by a mixture 

of land uses including urban, peri-urban/informal/rural settlements, national and private 

wildlife reserves such as KNP and production agriculture (primarily sugarcane and 

citrus).  These various interests often compete for the limited water resources in the 

region, especially in time of low flows (Brown & Woodhouse, 2004).  Ashton et al. 

(1995) note progressive downstream decreases in water quality, especially within the 

drier winter months.  Given the catchment’s limited water resources and water quality 

challenges, Ashton et al. (1995, pg. 201) describe it as “a microcosm of the water 

resource problems currently facing South Africa as a whole.” The Crocodile River is also 

representative of the water governance and management issues facing South Africa. In 

South Africa, water resource management is performed at different catchment 

boundaries. These are discussed in the subsequent section.   

Delineation of Water Management Areas in the Inkomati Catchment 

The entire South Africa has been delineated into 19 catchment units at various 

scales for management and institutional governance by the Department of Water Affairs 

and Forestry (DWAF) which has the mandate to manage the country’s water resources 

(Department of Water Affairs and Forestry , 1999). The largest scale is the primary 

scale which are labeled alphabetically from A to Z then secondary scale labeled from 1 
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to 4 then subdivided into the tertiary scale labeled numerically from 1 to 4. Catchment 

Management Agencies (CMA’s) formed under the National Water Act (1998) have 

jurisdiction at the primary scale (Figure 1-2).  

Each of the tertiary catchments is further disaggregated into 8 quaternary 

catchments labeled alphabetically from A to H (excluding I - hence A,B,C,D,E,F,G,H). 

Each of the quaternary catchments is again subdivided into three quinary catchments 

labeled 1, 2 and 3  to delineate the upper, middle and lower catchment areas, 

respectively (Mallory, Odendaal, & Desai, 2008). In total, there are 1946 quaternary 

catchments or 5838 (1946 x 3) quinary catchments in South Africa. The Crocodile is in 

the larger X primary catchment which includes the Sabie, Crocodile and Komati rivers. 

The Crocodile River basin alone forms the X2 secondary catchment which has a total of 

4 main tertiary catchments namely; Upper Crocodile (X21), Middle Crocodile (X22), the 

Kaap (X23) and Lower Crocodile River (X24). 

These are divided into a 36 quaternary catchments (X21A to X24H) with each 

quaternary catchment having 3 quinary catchments (e.g. X21-1, X21-2 & X21-3).  

Subsequent model simulations refer to these different quaternary and quinary 

catchment labels (Figure 1-3). 

Population and Land Use in the Crocodile River Catchment  

Currently, in Mpumalanga province where the Crocodile River watershed is 

located, a population of 1.6 million. Roughly 30% of the catchment area has 0 – 5 

people per kilometer, and approximately 10% of the area has the highest population 

density between 50 – 1000 people per kilometer. This heavily populated area coincides 

with the capital of Nelspruit as shown in Figure 1-4 (Department of Environmental 

Affairs and Tourism, 2007).In addition to the population density, it is important to 
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evaluate the growth of a population over time. As demonstrated in the following graph 

(Figure 1-5), growth within the Catchment has been significant over the last twenty 

years. In fact, it has doubled in this 20-year span, from 342,200 in 1985 to 632,500 in 

2005. 

Exponential increases in the population (Figure 1-5) due to urbanization and 

industrial growth have resulted in a marked increase in the per capita demand for water 

in the Crocodile River Catchment. Consequently, there will be a need for significant 

improvements in the management of the limited and diminishing supply of water 

resources. Coupled with this is the urgency for ensuring equitable distribution of water 

to previously disadvantaged individuals (PDI’s) while ensuring the preservation of 

biodiversity by meeting ecological water demands. Agriculture in the Crocodile River 

Catchment area consists of plantation forestry, irrigated sugarcane and five major 

irrigated subtropical fruits, including, oranges, grapefruit bananas, avocadoes, and 

mangoes as shown in Figure 1-6 (Crawford, 2004). 

Water Governance in South Africa  

The Department of Water Affairs and Forestry (DWAF) is the agency tasked as a 

custodian of water resources in South Africa (Department of Water Affairs and Forestry 

, 2009). The Inkomati Catchment Management Authority (ICMA) was one of the first of 

the 19 Catchment Management Agencies (CMA’s) to be developed under the authority 

of the National Water Act of 1998 to allocate water use and development of the Inkomati 

Water Management Area (WMA), including the Komati, Sabie-Sand, Crocodile and 

Nwanedzi River catchments (National Water Act , 1998).   Anderson (2005) mentions 

the differing expectations of stakeholders within the river catchment and the differing 

values of various participants. For instance, large scale water users such as commercial 
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irrigators and forestry companies located upstream are concern about constant supply 

as well as having control of gauging structures giving them disproportionate control over 

water resources in comparison to downstream ecological water users and 

municipalities.  

  From 2009 to 2012, the Inkomati Catchment Management Agency (ICMA) was 

involved in the formulation and implementation of a stakeholder inclusive Catchment 

Management Strategy (CMS) that ensures equity, efficiency and sustainability in the 

management of and exploitation of water resources in the Crocodile River catchment. 

The strategy involved creating forums through organized workshops that enable a 

decentralized and communal approach to planning and development in terms of shared 

responsibility on the part of the various stakeholders for water resource management 

and scenario planning for water use. This will ensure assurance of supply to the various 

stakeholders locally while meeting international obligations under the Tripartite Interim 

Inco-Maputo Water Use Agreement (IIWUA) with Mozambique and Swaziland. The 

benefit of this approach being that it facilitates a collective understanding of the threats 

to the catchment, shared responsibility over the use of the catchments water resources 

and a common vision for the management of water resources. This approach while 

more tedious allows for inclusion of all stakeholders.  

At the national level the water management structure consists of a central water 

management bodies, followed by devolved bodies that oversee water allocation at a 

catchment scale (Figure 1-7). Beneath the former two bodies are the local institutions 

and organizations that represent the local individuals within the catchments (Carmo Vas 

& van der Zaag, 2003).Water resource management falls under the Department of 
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Water Affairs and Forestry (DWAF) and conservation falls under the Department of 

Environmental Affairs and Tourism (DEAT). The central department where much of the 

water resource management occurs is the former, while the involvement of the latter, is 

from the perspectives of national park management (Department of Water Affairs and 

Forestry , 2009). The Water Research Commission is responsible mainly for retaining 

institutional knowledge on water resources through research and also for the monitoring 

and protection of rivers through the river health program (River Health Program , 2005).  

At the catchment scale there are several other water interest groups such as 

water boards formed at a community level to lobby on behalf irrigators. The National 

Water Resources Infrastructure Agency is a government entity responsible for the 

construction and maintenance of water related infrastructure such as dams, tunnels and 

weirs and water services authorities which are municipal institutions involved in water 

supply in urban areas (Figure 1-8).   

After the collapse of the apartheid government in 1994 there was recognition and 

consensus based on majority interests and minority self-preservation of the need to 

redistribute water resources in South Africa due to a process of institutional learning on 

the values such as equality in the distribution of national water resources and 

prioritization of ecological conservation (Biggs & Rogers, 2003). This led to a 

reorganization of the entire structure of the institutional framework responsible for water 

resource management. Other institutional adjustments such as a recent reorganization 

of the Department of Water Affairs and Forestry (DWAF) which moved the forestry 

docket to the Department of Agriculture and Fisheries (DAF) have occurred as priorities 

changed and evolved.  
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Figure 1-1.  The Crocodile River Catchment (Inkhlakanipho Consultants, 2009) 
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Figure 1-2.  Secondary and quinary catchments of the Crocodile River  

 

 

 
Figure 1-3.  Quaternary catchments in the Crocodile River  
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Figure 1-4.  Population density of the Crocodile River Catchment (Department of 

Environmental Affairs and Tourism, 2007) 

 

 
Figure 1-5.  Population trends in urban and rural residents in the Crocodile River 

Catchment (Ashton, 1995) 
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Figure 1-6.  Agricultural land use in the Crocodile River Catchment (Inkhlakanipho 

Consultants, 2009) 

 

 

 
Figure 1-7.  The institutional frameworks for water resource management in the South 

Africa (Carmo Vas & van der Zaag, 2003; Roux, et al., 1999)  
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Figure 1-8.  The linkages between DWAF and other water institutions 
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CHAPTER 2                                                                                                                      
A CONCEPTUAL MODEL FOR INTEGRATING KNOWLEDGE AND 

INFORMATION FOR THE CROCODILE RIVER CATCHMENT, SOUTH AFRICA 

Introduction  

The Crocodile River system in South Africa presents an example of a highly 

complex social-ecological system in which a variety of stakeholders compete for 

limited water resources.  Traditionally, in South Africa, managing and understanding 

these complex systems was confined to environmental managers who were solely 

responsible for decision making and management (Carmo Vas & van der Zaag, 2003; 

Anderson, 2005). However, with the implementation of an inclusive legislative 

framework following the promulgation of the National Water Act of 1998 (National 

Water Act , 1998) stakeholders have been integrated into the decision making 

process.   In addition to prioritizing the water needs of previously marginalized people 

in the catchment, the National Water Act prioritizes ecological concerns by 

establishing an ecological reserve for all rivers in South Africa. Two significant 

institutional changes in the legislative framework are the establishment of Catchment 

Management Agencies (CMAs) as jurisdictional units of water management at the 

catchment level and the separation of water and land rights necessitating a more 

integrated approach to water management (Colvin, Everard, Goss, Klarenberg, & 

Ncala, 2008; Anderson, 2005; Du Toit, Biggs, & Pollard, 2011; Pollard, Du Toit, & 

Biggs, 2011).  As a multifaceted catchment with oversubscribed water demands, the 

Crocodile River is characterized by a diversity of connections between dynamic socio-

ecological components. This system complexity coupled with significant governance 

changes create a unique opportunity for the study of adaptive water resource 

management. Accordingly, this chapter focuses on the following objectives: 
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 Using a resilience perspective, briefly review the ecological factors operative in 

the Crocodile River catchment along with the larger scale socio-political forces at 

work in South African water governance.  

 Document the interactions with three different water resource-focused institutions 

and  highlight their primary tools for analysing complex systems.  

 Create a conceptual map that integrates the various features of the Crocodile 

River system for further analysis with computational modelling tools.  

Methodology in the Selection of Research Tools  

A Review of Ecological Complexity and Resilience in the Crocodile River 

In describing the Crocodile River as a complex adaptive system, a fundamental 

property known as resilience must be considered first. Walker and Salt (2006) describes 

resilience as the capacity of a complex adaptive system (CAS) to absorb disturbance 

and reorganize while undergoing transformation so as to retain the same function, 

structure, identity and feedbacks. There are two central ideas associated with the 

resilience of a CAS. The first is the presence of regimes that are separated by 

thresholds which can be thought of as tipping points. The second idea is the notion of 

adaptive cycles which describes how systems behave over time in transitioning through 

cycles of growth and collapse (Gunderson & Holling, 2002; Daedlow, Beckmann, & 

Arlinghaus, 2011; Norberg, Wilson, Walker, & Ostrom, 2008). These two concepts are 

scale relevant over space and time. In the Crocodile River, regimes are applicable when 

looking at the behavior of water and ecological systems over short periods while 

adaptive cycles can primarily be understood when looking at the behavior of these 

systems over longer periods of time at different spatial scales.   
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Regimes in a river ecosystem such as the Crocodile River can be described in 

terms of the flow category such as shallow riffles, rapids or dry river beds which occur at 

various spatial and temporal locations along the river depending on the season, 

sedimentation, and anthropogenic activities (e.g. damming, river scouring, sand mining, 

abstraction and river channel modifications). In river systems such as the Crocodile 

River regime shifts can occur when the ecological state of a river is pushed across 

some threshold by external or internal dynamic. Ecological units within river systems 

can also be affected by these acute shifts which cause alteration in habitat types in 

which aquatic species thrive (e.g. changes in flow velocities in river riffles or point 

source pollution can cause loss of small fish species and macroinverterbrates species). 

This can have a ripple effect in the system since large fish species diversity depends on 

the presence of intermediate fish species and further larger aquatic carnivores such as 

crocodiles, leading to an overall loss of biodiversity (Norberg, Wilson, Walker, & Ostrom, 

2008). Recently in the KNP, there have been mass crocodile kills caused by 

bioaccumulation of heavy metals possibly from consuming large aquatic fish lower in 

the food-chain which are not consumed by juvenile crocodiles. Crocodiles were found to 

have pansteatitis a hardening of body fat tissue which was also found in large fish 

species in the river (Govender D. , 2010; Woodborne, et al., 2012).  

On a catchment scale, river systems are vulnerable to flow as a driver can easily 

shift state in the event of an environmental perturbation such as a flooding event such 

as the catastrophic floods in 2000 and 2013 that radically altered landscapes, socio-

economic systems and flood regimes. The Crocodile River is largely supplied by water 

from precipitation hence is vulnerable to changes in flow hence can quickly shift states 
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in the event of extreme events such as floods or interruptions in flow caused by 

sedimentation, damming or drought.  

Adaptive cycles constitute a heuristic to understand a CAS in response to 

disturbance and change (Daedlow, Beckmann, & Arlinghaus, 2011; Gunderson & 

Holling, 2002). This cycle, shown in Figure 2-1, defines the dynamics behind the 

transitions in ecosystems over times as they go through four distinct phases: 

exploitation(r-phase), conservation (K-phase), rapid release (Ω-phase) and 

reorganization (α-phase) and rapidly back to exploitation. The two key dimensions of the 

changing shapes of these four phases in the adaptive phases are the degree of 

connectedness and the range of potential in the system (Gunderson & Holling, 2002; 

Walker & Salt, 2006). 

These adaptive cycles have been observed in complex adaptive systems such as 

terrestrial, aquatic and arboreal ecosystems within the Kruger National Park. The 

sequenced transitions from exploitation (r) to conservation (K) where biomass, nutrients 

and resources are gradually accumulated. Competitive processes lead a few species to 

become dominant. Within savanna ecosystems common in the KNP the accumulation 

occurs in biomass and nutrients and within aquatic ecosystems this refers to an increase 

in biodiversity of fish, macro invertebrates and riparian vegetation. The shift to the K 

phase proceeds with accumulated capital and resources become more difficult to extract 

as they become more tightly bound within existing networks, vegetation or biota. At this 

point agents of change which vary depending on the system cause a rapid release (Ω) 

before transitioning into the reorganization phase (α). Agents of change can vary in 

intensity from slight perturbations to catastrophic events such as floods, earthquakes, 
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fires, insect outbreaks, disease and drought. These change agents can be natural or 

artificial. The system then reorganizes either back to its original form through this phase 

or into an alternative stable state. Resilient systems have the ability to swing between 

multiple stable and functional states that retain productive function (Gunderson & Holling, 

2002). Adaptive cycles result in adaptations in different components of the ecological 

systems (such as species composition, population structures and behavior) can occur as 

a coping mechanism to these changes. 

Modification in ecological characteristics can also be human induced or 

constructed. In the KNP, various interventions such as animal population control 

programs (e.g. culling and breeding programs) aim at improving the diversity of species, 

fencing for control of spatial and temporal variability of animals and artificial watering 

points have been implemented.  For instance between 1967 -1996 the KNP have 

implemented elephant population management maintaining the population at around 

7000 a policy which was later rescinded (van Aarde, Whyte, & Pimm, 1999; Whyte, 

2004). In the KNP, routine fire management is also performed to reduce accumulated 

biomass (Govender N. , 2010). These modifications are introduced to make ecological 

systems more resilient in the face of variability in the environmental or sudden or 

catastrophic changes in dominant system drivers such as water availability in the event 

there is a drought and diseases in the case of epidemics (Norberg, Wilson, Walker, & 

Ostrom, 2008). Artificially causing a decline in biomass by burning or biodiversity by 

population management is aimed at enhancing natural ecosystem cycles. 

A distinct advantage of the resilience perspective is its use over multiple temporal 

scales in the same CAS (Gunderson & Pritchard, 2002; Norberg, Wilson, Walker, & 
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Ostrom, 2008).  A historical review of Crocodile River gives us a perspective of two 

distinct adaptive cycles that have occurred over the last three centuries. South Africa 

has transitioned through several phases within the four defined transitions during this 

period (Figure 2-2). Events that have defined these cycles have varied from 

administrative changes, political upheavals such as the Anglo-Boer war of 1800’s, the 

establishment of South Africa as a Republic in 1910, the apartheid government 1948 

and to its eventual collapse in 1994 when a democratic rainbow nation was established 

(Figure 2-3).  Concurrently, with the socio-political changes, climatic variations 

associated with climate change such as recurrent droughts from the 1970’s to the 

catastrophic floods of 2000 compound water management challenges. 

Water resource management in this region can best be understood by 

categorizing history into periods: African customary law prior to colonialism; the colonial 

period under Dutch rule; the colonial period under British rule through apartheid under 

Afrikaners; and lastly, democratic post-apartheid period, from 1991 to the present. 

During Dutch rule, legal courts usually favored the company who was given all control of 

water rights over any water that was considered public. The second period during 

colonial and apartheid era were aimed at satisfying the needs of the dominant 

communities in the society at the expense of the majority of the native society, as 

demonstrated through British rule when water rights were privatized and the individual 

was favored (Tewari, 2002). South Africa’s transformation into a democracy in 1994 

created an environment where all people’s need, including the needs of the native 

populations, were actively taken into consideration with revisions to water resource 

access for human consumption, an ecological reserve and then to all commercial uses.    
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 Interactions with Water Resource Institutions   

This section documents the interactions with three different water-focused 

interest groups and their primary tools for addressing system complexity over the 2009-

2010 academic year.  These water resource groups span a range from a long-term, 

research institute (University of KwaZulu-Natal Department of Bioresources Engineering 

and Environmental Hydrology), to a newly established Catchment Management Agency 

(Inkomati CMA), to a temporary academic-stakeholder interaction program (Akili 

Network).  Each of these groups focused on different aspects of water resources and 

used different tools to explore socio-ecological dynamics. 

The first institution was the School of Bioresources Engineering and 

Environmental Hydrology (BEEH) at the University of KwaZulu-Natal (UKZN 

Pietermaritzburg campus).  This surface water hydrology group has existed since the 

late 1970s primarily through long-term support of the Water Research Commission 

(WRC); a governmental funding agency established under the Water Research Act 

No.34 of 1971 that is focused on all levels South African water resources topics from 

computational model development to water governance (Water Research Act, 1971). 

The primary focus of the BEEH group was the development and use of the Agricultural 

Catchments Research Unit (ACRU) model (Figure 2-7).   

The second institutional interaction was conducted over a three month period at 

the Inkomati Catchment Management Agency (ICMA) in Nelspruit, Mpumalanga, South 

Africa.  The ICMA was a newly created agency to implement the local considerations of 

the National Water Act (1998) in terms of allocation of water for human consumption, 

ecological reserve and for all other commercial uses.  During this period, the national 

government through its primary agency the Department of Water Affairs and Forestry 
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(DWAF), was initiating a comprehensive real-time Decision Support System (DSS) of 

the Crocodile River (CROCDSS) (http://crocdss.inkomaticma.co.za/Website/Index.html) 

to enhance the practical operation and management of water resources. The 

CROCDSS is designed to enable efficient allocation of water resources from the Kwena 

Dam to supply water to urban, rural and agricultural users for providing water to satisfy 

environmental demands downstream in the KNP; and to fulfill international water 

agreements under the IIWUA with Mozambique and Swaziland.  

The real time CROCDSS selected by DWAF centers on a software framework 

developed by the Danish Hydraulic Institute (DHI) called Mike FLOOD WATCH (Figure 

2-4).  The implementation was contracted to a local engineering firm called Clear Pure 

Water.  Mike FLOOD WATCH integrates spatial data, real-time data, forecast models 

and dissemination tools in a GIS environment in addition to running third party model 

engines.  Long term operations are determined with a combination of two models. 

Annual operating rules will and monthly restriction rules are determined using the Water 

Resources Modeling Platform (WReMP) (Mallory et al., 2011). The WReMP system 

integrates the incremental flows for simulated sub-catchments to simulate water-user 

abstractions, return flows and reservoir yields.  The WReMP results are implemented 

and published using the Mike BASIN model. Short term operations water quantity and 

quality management were achieved using the Mike 11 model system which is a dynamic 

one-dimensional water resources planning modeling tool (Clear Pure Water, 2008).  

While the CROCDSS was primarily focused on water quantity and allocation in 

the Crocodile River, there is a significant need to integrate potential ecological effects 

into the CROCDSS.  As such the primary focus of interaction time at the ICMA was on 

http://crocdss.inkomaticma.co.za/Website/Index.html
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obtaining hydrological, ecological and geographical data on the catchment from the 

DWAF and related consulting firms involved in the catchment.   

Given the lack of ecological information within the flow-focused CROCDSS for 

the Crocodile River, additional interactions were initiated with South African National 

Parks (SANParks) specifically with the Kruger National Park Science Services Section 

(KNP-SSS).  The Crocodile River forms the southern boundary of the KNP and 

quarterly meetings are held between the ICMA, agricultural stakeholders and the KNP 

to discuss monitored flow levels and water quality concerns.  These quarterly network 

meetings focused on addressing the need for the consideration of ecological flows and 

the development of tools for active ecological monitoring and responses.  While several 

spreadsheet-based monitoring tools for individual ecosystem units and locations were 

developed for these meetings, there were no tools that integrated throughout the entire 

river system.  This lack of system-wide ecological tools was expressed as a need for 

this forum.   

Through these interactions with the KNP-SSS, additional interactions were 

initiated with an academic community of practice in the science of complexity and 

resilience through the Akili Complexity and Integration Colloquia, funded by the South 

African National Research Foundation (NRF). The Akili Colloquia provided a forum for 

academic researchers and stakeholders to both exchange knowledge on the natural 

resource systems in South Africa as well as to provide a forum for the development of 

both theoretical knowledge and applications for the complexity theory and resilience.  

This initiative explicitly aimed at using:  
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1. “Grounded” case studies, concurrent sharing of specialist knowledge, complex 

knowledge building, knowledge in relation to values, knowledge hierarchy and ways 

of knowing (Wickson, Carew, & Russell, 2006).  

2. Concepts of social-ecological and complex adaptive systems that, emphasises the 

role of adaptive management, and has given rise to the notion of ‘windows of 

opportunity’ (Gunderson & Pritchard, 2002). 

3. Integration and implementation science (Bammer, 2005) which defines a “tool-kit” of 

methods, or skill-sets, required to engage in the application of knowledge in a way 

that engages with complexity and integration. These include complexity analysis, 

knowledge management, participatory methods, systems thinking and uncertainty 

appreciation. 

4. Ecosystem services (Millenium Ecosystem Assessment, 2003) a notion which 

creates practical a translative space between natural resource management and the 

often-science-based knowledge domain. 

During the Akili network meetings, the Crocodile River was selected through a 

competitive process as a case study of a complex adaptive system and used to 

demonstrate the process of performing a complexity analysis of the system. This was 

done collaboratively between a group of ten researchers, facilitated by Dr H. Biggs of 

KNP-SSS. The outputs for these discussions are summarized in the results section and 

formed the basis for further integrative modeling in this dissertation.   

The last catchment interaction was focused on gaining broader stakeholder 

perspectives as a participant of a series Catchment Management Strategy meetings 

organized by DWAF and the KNP.   The Crocodile River Catchment Management 
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Strategy Workshops were ordered by the Minister of Water and Environmental Affairs 

in response by a new government directive to implement the provision of the 

inclusivity and stakeholder participation mandated by the National Water Act. They 

were established as forums for collective action and management for various 

stakeholder and interest groups in the catchment. The Catchment Management 

Strategy workshops were conceived to enable all stakeholder groups including 

irrigation farmers, rural water users, mining companies, forestry companies and the 

Kruger National Park to have an opportunity to contribute towards the formulation of 

the catchment’s water resource management plan. The collaborative approach used 

was facilitated by Dr Sharon Pollard of the Association for Rural Water and 

Development and Professor Kevin Rodgers of the University of Witwatersrand, 

primary experts in adaptive management and systems thinking in South Africa. These 

forums allowed researchers, managers and stakeholders to construct a visual 

representation of the systems and in making reliable inferences of the responses in 

the system in addition to increasing their collective understanding of the structure of 

the system (Shachter R. , 1986). In keeping with the requirement for stakeholder 

participation mandated by law, IWR Water Resources Director Stephen Mallory was 

also tasked with engaging stakeholders in the determination of reserve requirements 

for human and ecological use for the various stakeholders.  

Research Outcomes 

Development of a Conceptual Map and Integrated System Tools for Estimating 
Ecological Effects from Flow Regimes in the Crocodile River 

Each of the above-mentioned collaborations helped to both formulate a rich 

picture of the many dimensions to the water resource challenges in the Crocodile River 
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but also helped to identify practical gaps needed for further analysis.  In such complex 

adaptive systems, information and knowledge of the system such as hydrological 

characteristics of the system related to water quantity, climatic information, ecological 

data and stakeholder perceptions is acquired from various sources and methods.  

These sources include databases and information libraries, elicitation through expert 

consultation, stakeholder interviews and the use of computational models information 

(Brugnach, Dewulf, Pahl-Wostl, & Tai, 2008). Figure 2-5 was developed by the 

researcher as an integrative description of all the different institutional experiences. The 

products from each of these experiences provide critical components to the overall 

system diagram and subsequent dissertation research.  The information gained from 

this process is then interpreted and communicated back to experts who inform policy 

making, water managers who make short and long term water allocation decisions, 

water users who rely on the catchments resources and ecologists focused on 

maintaining the health of ecological units. The sections that follow will clarify the Figure 

2-5 and its components in further detail.  The computational elements of Figure 2-5 

(ACRU hydrological modeling and Bayesian Networks) are given even greater detail in 

subsequent dissertation chapters.   

Akili Forum Results: A General Systems Diagram of the Crocodile River 

In modeling socio-ecological systems, it is imperative to consider a variety of 

environmental constants, stressors and drivers that determine the overall state of 

given system. Natural systems such as wetland, riverine, marine and terrestrial 

ecosystems are characteristically dynamic with different factors coming into play in 

determining their functional characteristics such as species biodiversity, and 
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ecological productivity. In cases where human systems interface with natural systems, 

it affects their ability and efficiency in providing ecosystem goods and services. 

Therefore, the stability, productivity and health of these ecosystems depend on their 

ability to remain resilient in the face of multiple stressors both naturals and artificial; 

such as pollution, eutrophication, invasive alien species, natural disasters, 

encroachment and seasonal variations in climate. Within the Akili forum, the initial step 

in creating a systems diagram involves defining the level of complexity that will be 

considered for analysis of the system which allows for setting of the boundaries. It was 

found that stakeholders and collaborators have different concerns and different 

worldview hence a broad based consultation was used to establish these limits. 

Collaborative sessions between researchers and stakeholders were the bases for the 

final system diagram as shown in Figure 2-6.  

System components were classified into two broad categories based on whether 

they were functional in a human or natural system. These were then sub-categorized 

according to the following regime:   

 Abiotic drivers and variables in the system such as climate, water quality, sediment 

and flow.  

  Anthropogenic factors which are constructed primarily for economic activity or 

socio-ecological management at various scales. These include management 

institutions, government, mining and forestry companies, tourist establishments 

such as the Kruger National Park and other natural reservations and individual 

stakeholder or stakeholder groups. 
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  Ecological habitats and locations such as riparian zones, climatic zones such as 

the high veld to the East of the catchment and the low veld further west; resources 

that these various classification utilize and compete for such as water, food, land 

and economic activity. 

The principal focus in human systems was the economic activity while in 

ecological systems they are sustenance of biodiversity, ecosystem health and functional 

integrity.  The main economic activities in the Crocodile River that drive the economy 

were determined to be forestry, mining, tourism and commercial agriculture in citrus and 

sugarcane. These are also major competitors for both land and water resources to the 

ecological systems such as riparian regions and water ways that require these 

resources. Furthermore, other system processes such as sedimentation and water 

pollution that affects water quantity and quality are controlled significantly by these 

activities. Commercial farming and forestry have been established as a source of both 

point and non-point pollution along the Crocodile River in addition to being responsible 

for significant stream flow reductions.  

The interactions between them were iteratively discussed amongst the 

stakeholder after establishing the components.  This allowed the process of identifying 

sub-systems within the overall picture that interacted and reinforced negative and 

positively, feedbacks within the system and balancing loops. Moreover, the process 

revealed latent relationships and interplay between these subsystems e.g. on a larger 

scale, the interaction between the ecological and human systems and on a smaller 

scale the positive or negative interactions between agricultural and tourist activities, 
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ecological health and degradation and agricultural activities and human infrastructure 

and ecological health.  

A systems development exercise on the Crocodile River catchment played a role 

in helping the various stakeholder groups understand the broader function of the 

catchment and most importantly highlighted the role that their activities especially in the 

consumptive use of physical resources played in the overall function of the system. This 

was done collaboratively during stakeholder meetings. This facilitates a more 

collaborative regime for management of the catchment as each stakeholder group is 

cognizant of the ripple effect their activities can have in the system.  It also improved the 

knowledge of ecological managers about the system. This approach impresses 

attention on balancing of resource allocation and decision tradeoffs. Aligned to this it 

sets a stage for the development of computer based models and decision support tools 

that are useful in the overall decision framework used within the catchment (Shachter R. 

, 1988). 

In this respect, it is necessary to develop decision support systems and tools that 

enable environmental managers and policy makers to make informed choices and to 

enhance the overall health of the ecosystems while catering to the variety of 

stakeholders’ claims for natural resource extraction and benefit from ecosystem goods 

and services becomes relevant. 

The ACRU model as a hydrological model for generating flow regimes for the 
Crocodile River 

A full analysis of the myriad of problems faced in water resources requires the 

use of tools such as hydrological models, expert systems, GIS and statistical analysis 

techniques. Hydrological considerations are important component information required 
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for catchment managers. This information is available from historical streamflow and 

climate data. In areas where long term streamflow data is unavailable and cases where 

future flow predictions are required, models are used to transform climate data 

(precipitation and evaporation) into streamflow which takes into consideration land 

surface and soil characteristics of a catchment (Jewitt, Garratt, Calder, & Fuller, 2004)  

The ACRU model is a daily time step model that was selected specifically 

because it was developed for southern Africa hydrological conditions such as the 

unique soils and vegetation (Jewitt, Garratt, Calder, & Fuller, 2004). Since its initial 

design, the model has undergone several updates and revisions including addition of 

groundwater modeling, water quality and reprogramming in an object oriented form 

(Kiker & Clark, 2006).  It is widely used and has been validated and calibrated under 

various conditions internationally. Since the 1980s, the ACRU model has been used in a 

wide variety of catchment-scale projects from irrigation demand (Hendricks, Shukla, 

Martinez, & Kiker; Jewitt, Garratt, Calder, & Fuller, 2004) to urban/peri-urban issues to 

climate change (Schulze, 1989).  The model (Figure 2-7) has been coupled with several 

interfaces to allow practical catchment modeling at multiple scales (Kiker G. , 1998; 

Walburton, 2010; Kienzle, 2011). 

Bayesian Network Development for Crocodile River 

Bayesian networks are decision tools that use conditional probabilities about the 

occurrence of events in socio-ecological systems. The structure consists of a directed 

acyclic graph of a joint probability distribution over a set of statistical variables made up 

of nodes that represent the variables. These variables are connected by causal 

dependencies based on direct connections, relationships, mathematical or statistical 



48 

associations. This allows to account for the impact of uncertainty in the decision making 

process by balancing the desirability of outcomes against that the management option 

may fail or succeed (Cain, 2001; Ames, Neilson, Stevens, & Lall, 2005; Barton, 

Saloranta, Moe, Eggestad, & Kuikka, 2008; Pearl, 1988). 

Bayesian networks are generally constructed by considering management 

system variables in a system which are represented by nodes or variables each with a 

finite set of mutually exclusive states with variable probability. These nodes are 

connected by directional links that represent casual relationships between the elements. 

Each node in this network is assigned set of probabilities each representative of the 

uncertainty of a state (Batchelor & Cain, 1999; Bashari, Smith, & Bosch, 2008).  

The nodes are contained in underlying conditional probability tables (CPT’s) and 

can be used to express how the relationships between the nodes operate. In complex 

socio-ecological systems such as the Crocodile River, the various management nodes 

can be classified to allow for a structured view. The categories allow for separation of 

nodes according to whether they are implementing factors, interventions, intermediate 

factors, controlling factors, objectives and additional impacts. The relationships between 

these components are explained and described graphically in Figure 2-7 and explained 

in Table 2-6.  

The process of assessing the impacts of water availability on ecological health 

and economic state of this catchment begins with identifying important endpoints, 

drivers, variables and systems by consulting with stakeholders, experts and managers 

involved in the management and use of the Crocodile catchment. This conceptual 
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model described previously, formed the basis for the construction of the Bayesian 

network.   

Of interest to water managers in the Department of Water Affair is the water 

resource sustainability in terms of its consumption, allocation and supply. Water supply 

in this catchment is dependent on precipitation hence is driven by seasonal variation in 

rainfall.   The Kruger National Park focuses mainly on monitoring the ecological status in 

the interest of ensuring the integrity and health of the river and its ability to sustain 

biodiversity, ecosystem integrity and tourism activities which are an income earner for 

the region. The regional governments at various scales are focused on the economic 

performance of the various sectors in the catchment area, specifically, commercial 

forestry, mining, agriculture and tourism.  

Of importance to the ecologists is the ecological status of the river which 

provides a system of monitoring the health of the river.  As a multifaceted catchment, 

the Crocodile River is characterized by a diversity of connections between dynamic 

socio-ecological components. As a result, the ecological state of the river system is 

dynamically changing with these interactions. Predominantly, the river’s ecological state 

varies due to the availability of water within the system. Naturally, aquatic and river 

systems depend largely on water flow for their continued sustenance and health 

(Kleynhans, Thirion, Louw, & Rowntree, 2008). The causal connections between the 

variables are all probabilistic and are defined using a combination of aggregated data, 

expert knowledge and stakeholder perspectives. The Bayesian network is an 

abstraction and simplified view of the variables and the relationships that influence the 

economy, water sustainability and ecological health. It is sufficient to explore various 
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management issues and natural resource scenarios. Bayesian networks were preferred 

as they can be used to incorporate different quantitative and qualitative data types 

essential for such an integrated water management study.  

Discussion  

Decision support tools are an important component of decision support systems 

and an adaptive management framework. The Crocodile River is a complex socio-

ecological system where the management system requires consideration for the 

diversity of actors, stakeholders, systems and perspectives in the catchment.  The 

development of a decision support tool in this context is an iterative and consultative 

process. In this respect, development of decision support systems and tools that enable 

environmental managers and policy makers to make informed choices to enhance the 

overall health of the ecosystems while catering to the variety of stakeholder’s claims for 

natural resource extraction and benefit from ecosystem goods and services becomes 

relevant. In so far as sustainable policy and management choices are concerned, 

environmental decision support systems and models to provide predictive tools for 

consultation with stakeholders while taking into account the effect of an ever- changing 

social, political and natural environment, and  consider the consequences of allocation 

of resources to stakeholders versus leaving them within ecosystems. Lastly, the effects 

of alterations of the ecological systems on their ability to remain productive and diverse.  

A description of the catchment from a complexity and resilience gives a broad 

understanding of the ecosystem characteristics in terms of it social, political and 

environmental characteristics. In addition to highlighting vulnerabilities and emergent 

issues in the catchment, this allows for the development of an informed conceptual 

model of the catchment. The process of the forming a conceptual model also provides a 
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forum for the incorporation of expert opinions and stakeholder values and perspectives. 

This then translated into a Bayesian network which provides a structured method of 

both quantifying stakeholder/management perspectives and in accounting for 

uncertainty (Cheng, Bell, & Liu, 1997; Ni, Philips, & Hanna, 2010; Nyberg, Marcot, & 

Sulyma, 2006). The logical “next step” in this progression would be to find a context for 

these decision support tools in the overall adaptive management framework currently 

being implemented in the Crocodile River Catchment.  
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Table 2-1.  Classification of variables for the Bayesian network of the Crocodile River 
System 

 
 
 
 
 
 
 
 
 
 

Categories Description Example 

Objectives 
Factors that management actions 
seek to change improve or prevent 
from deteriorating. 

Economy growth 
Sectoral  water supply 
Ecological integrity 

Interventions 

 
 
Factors that are implemented in order  
to achieve your objectives. Also can 
be thought of as management options. 

Alter forest cover 
 
Implement reserve 
Curtail water use 
Dam construction 

Intermediate 
Factors 

Factors that link objectives to 
interventions. 

 
River Flow 
Agricultural productivity 
Tourism revenues 

Controlling 
Factors 

 
Factors which cannot be changed by 
interventions but control or are drivers 
in the environmental system 

Rainfall 
Government 

Implementation 

 
Factors which affect whether an 
intervention can be successfully 
implemented both immediately and in 
the future. 

Stakeholder consensus 
Government funding 
Institutional program 
implementation  

Additional 
Factors 

 
Factors which are changed as a result 
of interventions that do not affect 
anything else in the environmental 
system 

Crocodile Population 
Bird population 
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Figure 2-1. Adaptive Cycles in Complex Systems. A stylized representation of the four 

ecosystem functions (r, K, Ω, α) and flow (Kiker G. A., 2001) 

 

 
Figure 2-2. Historical time periods in South Africa 
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Events: (1) Pre-colonial period (African Customary Law) ;(2) Dutch colonial period (mineral rush and est. 
of urban centers);(3) Formation of the Union of South Africa ;(4) British colonial period;(5) National Party 
comes to power;(6) Apartheid period;(7) Completion of Kwena Dam;(8) Democratic government 
established under Nelson Mandela;(9) Post-apartheid period 

Figure 2-3. Adaptive cycles in the Crocodile River since between 1600-Present Day  
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Figure 2-4.Current real time decision support system in the Crocodile River  
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Figure 2-5.  A conceptual map of tools and processes for estimating ecological status 

from hydrology and human decision-making in the Crocodile River. 
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Figure 2-6.  System diagram showing interactions between components 

 

 
Figure 2-7.  The ACRU agro-hydrology model developed by the School of Bioresources 

Engineering and Environmental Hydrology, University of KwaZulu-Natal 
(Schulze, 1995). 
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Figure 2-8. Network Structure of Main Categories (Cain, 2001). 
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CHAPTER 3                                                                                                       
EVALUATING WATERSHED MODEL PERFORMANCE AT TWO SPATIAL 
SCALES TO AID ADAPTIVE MANAGEMENT IN THE CROCODILE RIVER 

CATCHMENT, SOUTH AFRICA 

Overview of Strategic Adaptive Management in the Crocodile River Catchment  

South African watersheds are severely water stressed with competing 

stakeholders such as irrigation, forestry, mining and municipal water users. Various 

researchers have noted that increased agricultural abstraction, afforestation and mining 

are regarded as the primary driver for the increasing demands on water resources 

(Pollard, Du Toit, & Biggs, 2011). Over a decade ago, the post-apartheid government 

passed the National Water Act of 1998 to begin to address both the historic inequities in 

the water resource allocation to stakeholders and the sustainability in the exploitation of 

future water needs for agricultural, industrial, ecological and human water use. The 

central foundations of the National Water Act of 1998 were the prioritization of human 

and ecological water use by formation of the reserve, the separation of water and land 

rights to address historical inequities and the formation of catchment level water 

management agencies to implement consensus based adaptive management strategies 

(National Water Act , 1998; Stone-Jovicich, Lynam, Leitch, & Jones, 2011; Du Toit, 

Biggs, & Pollard, 2011).  

The Inkomati Catchment Management Authority (ICMA) was one of the first of 19 

catchment management agencies (CMA) to be developed under the authority of the 

National Water Act to allocate water use and development of the Inkomati Water 

Management Area (IWMA) that includes Komati, Sabie-Sand, Crocodile and Nwanedzi 

River catchments (Figure 3-1). The Kruger National Park Rivers Research Program 

(KNPRRP) (Breen, et al., 2000) which pre-dated and helped shape the drafting of the 
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National Water Act was initiated to address concerns about water quantity and quality of 

the KNP rivers.  More recently this legislative framework has resulted in the 

implementation of initiatives such as the Ecosystems, Protected Areas and People 

Project of the International Union for Conservation of Nature (IUCN-EPP) and more 

recent work under the Shared Rivers Initiative (SRI).To date, progress towards 

reconciling user needs with significantly limited water flows has been a challenge 

especially in following an adaptive management approach where learning by doing is 

reinforced with history, precedent and evolving user rights. Open, collaborative and 

participatory approaches to water management are seen as a way forward for parks, 

conservation and science by various leading researchers in South Africa (Etienne, Du 

Toit, & Pollard, 2011; Pollard, Du Toit, & Biggs, 2011; Venter & Deacon). 

In the context of a Strategic Adaptive Management (SAM) framework (Pollard, 

Du Toit, & Biggs, 2011) water within a catchment is a common pool resource for 

individuals, industrial and municipal consumers, agricultural enterprises, and the 

environment. Allocation decisions are made collaboratively at various management 

scales under consideration as proposed by Noss (1990).Management scales refer to 

the spatial resolution at which allocation decisions on demand and supply are executed. 

These are sub-catchment allocations for individual farmers, basin-scale allocations for 

municipal water supply and inter-basin transfers at a catchment scale. Hydrological 

models provide a means for water managers to develop test management scenarios 

that consider the climatic, biophysical and socio-economic drivers within the catchment 

at these various scales (Rogers & Biggs, 1999).  
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Models are often used to manage water resources, forecast streamflow, and 

guide allocation decisions therefore; any improvement in model performance should 

decrease the uncertainty in management decisions (Rogers & Biggs, 1999). Model 

performance is judged by comparing the simulated values to the corresponding 

observed data as a benchmark. Hydrological performance measures and a discussion 

of their suitability can have been described in various publications (Legates & McCabe 

Jr., 1999; Krause, Boyle, & Bäse, 2005; Willmott & Matsuura, 2005; Willmott, et al., 

1985; Ritter & Muñoz-Carpena, 2013). In the Crocodile River hydrological models are 

used by water managers to achieve the following water resource management goals:  

 Guide allocation decisions in real-time to the various stakeholders and water users.  

 Forecast streamflow for future catchment wide planning. 

 The development and testing of an ecological reserve mandated under the National 

Water Act of 1998 (National Water Act , 1998) which is a recommended flow levels 

for the sustenance of sensitive ecological units that depend on the rivers waters 

(Hughes, Louw, & Mallory, Methods and software for the real-time implementation of 

the ecological reserve : explanations and user manual (No. 1582/1/08), 2008).  

In moving toward these objectives, significant progress has been made to date 

within the Crocodile River and greater Inkomati basin.  As a significant stakeholder in 

the IWMA, the Kruger Park has formulated well organized and documented objectives 

towards ecological monitoring in the Crocodile River (Rogers & Bestbier, 1997; Rogers 

& Biggs, 1999).  Science and policy integration efforts provide functional and CMA-

relevant, adaptive learning/management frameworks that include systematic use of 

discipline-specific and scale-focused insights (Kiker & Clark, 2006).  These frameworks 
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show that different levels of discussion require diverse types of information to create 

adaptive, watershed-level policies. 

As part of the KNPRRP initiated in the 1990’s (Breen, et al., 2000), South African 

national parks adopted SAM as a means of managing the catchments’ fragile 

ecosystems and over-exploited water resources (McLoughlin, Deacon, Ababio, & 

Sithole, 2011). The SAM framework is implemented in collaboration with the Inkomati 

Catchment Management Agency. Under the KNPRRP, various thresholds of probable 

concern (TPCs) have been adopted by the KNP and other entities to provide specific 

criteria for analysis and action (Rogers & Bestbier, 1997).  Specific TPCs for the 

Crocodile River have been proposed for water quantity (Kruger National Park, 2006; 

McLoughlin et al., 2011) and for water quality (Rogers & Bestbier, 1997; McLoughlin, 

Deacon, Ababio, & Sithole, 2011).  

TPC’s were designed as indicators of the state and health of different abiotic 

ecosystem components such as river flow, water quality, geomorphology and biotic 

components such as fish, macro-invertebrates and riparian vegetation based on 

influences from scale dependent natural and anthropogenic influences such as large 

scale irrigation operations and forestry that affect the water quantity and quality of the 

river system (Foxcroft, 2009; Kleynhans, 2007; Department of Water Affairs and 

Forestry, 2009; Rogers & Biggs, 2003; Rountree, McLoughlin, Mackenzie, Deacon, & 

Sithole, 2008). Biological integrity and adaptive assessment/management studies have 

been conducted on the Crocodile/Elands River (Roux, et al., 1999). In addition to TPC’s, 

a Rapid Response System (RRS) has been integrated into the SAM framework that 

serves as a warning system when TPC’s are exceeded or when flow levels reach worry 
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levels relative to the in-stream flow requirements (IFR’s refer to minimum flows required 

to sustain healthy river systems) which have traditionally been used by the KNP to 

monitor rivers (Council of Scientific and Industrial Research, 2002). In the South Africa, 

TPC’s for hydrology have been developed and operationalized with the aid of 

hydrological models such as the SPATSIM (Hughes, Louw, & Mallory, 2008; Hughes & 

Hannart, 2003)  and the MIKE FLOOD Watch and WReMP system (Department of 

Water Affairs and Forestry, 2008) by mimicking natural flow variability (McLoughlin, 

Deacon, Ababio, & Sithole, 2011). Therefore it is reasonable to conclude that any 

improvement in model performance should decrease the uncertainty in management 

decisions by improving these TPC’s as management endpoints and goals.   

Study Area 

The Crocodile River Catchment and its tributaries (Figure 3-1) which falls under 

the jurisdiction of the ICMA is one of the largest irrigation areas in South Africa and 

provides the sole source of water for wide variety of users (Roux, et al., 1999).  The 

river catchment area is characterized by a mixture of land uses including urban, peri-

urban/informal/rural settlements, national and private wildlife reserves and production 

agriculture (primarily sugarcane and citrus).  These various interests have been vying 

for the limited water resources in the region.   

The Crocodile River study area falls within the boundaries of the Inkomati Water 

Management Area and covers the entire X2 secondary catchment with a total area of 

10,446 km2 (Figure 3-1). The catchment is divided into four tertiary catchments namely 

the Upper Crocodile (X21), Middle Crocodile (X22), the Kaap (X23) and Lower 

Crocodile River (X24).The Upper Crocodile which covers 3090 km2 has three main 

sections of the river which are the Crocodile River upstream of Kwena Dam, the 
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Crocodile River Downstream of Kwena and the Elands. The Middle Crocodile that 

covers 1573 km2 has two main tributaries namely the Nelspruit and White River. The 

Kaap which covers 1640 km2 has three namely the Noordkaap, Suidkaap and Queens 

River. The Lower Crocodile which covers 3349 km2 is the largest and borders the 

Kruger National Park to the North. Each of the tertiary catchments are further 

disaggregated into eight quaternary catchments labeled from A, B,C,D,E,F,G,H,J and K 

(Table 3-1). Recently, each of the quaternary catchments was again subdivided into 

three quinary catchments labeled 1, 2 and 3 (Mallory S. , 2010).  

For the purpose of this study, several externally located quaternary catchments 

that had no upstream contributing catchments were selected (Figure 3-2). These 

catchments were also determined to have acceptable, multi-year, observed monthly 

flow data (Department of Water Affairs and Forestry, 2008) to enable statistical 

comparison with simulated results. 

Currently, the DWAF are using monitoring stations on the Crocodile River to 

implement a comprehensive a real time Decision Support System (DSS) to supervise 

efficient allocation of water resources from the Kwena Dam to ;(1) supply water to 

urban, rural and agricultural users; (2) provide water to satisfy environmental demands 

downstream in the KNP; (3) to fulfill international water agreements under the IIWUA 

with Mozambique and Swaziland (Inkomati Catchment Management Agency, 2012). 

The DSS centers on a real time software framework based on the MIKE FLOOD 

WATCH system (Hughes, Louw, & Mallory, 2008; Danish Hydraulic Institute, 2008). 

MIKE FLOOD WATCH integrates spatial data, real-time flow data, forecast models and 

dissemination tools in a GIS environment in addition to running third party model 
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engines for further assessment and impact. Longer term operations are determined with 

a combination of two models. Annual operating rules and monthly restriction rules are 

determined using the Water Resource Modeling Platform (WReMP) (Mallory, Odendaal, 

& Desai, 2008) and the results implemented and published using the Mike BASIN model 

(Department of Water Affairs and Forestry, 2008). Short term operations water quantity 

and quality management will be achieved using the MIKE 11 model system which is a 

dynamic one-dimensional water resources planning modeling tool (Danish Hydraulic 

Institute, 2008). Given the significant investment and monitoring for efficient water 

allocation in the basin, there are lingering questions concerning the best scale and use 

of observed data and hydrological models for building confidence between projected 

flows and performance metrics. 

Research Hypothesis and Objectives 

Within South African watersheds, streamflow simulation of potential management 

scenarios and climatic events is crucial to successful water management. Often, models 

must be constructed with limited data. Results from models calibrated under these 

conditions have increased uncertainty, which may have unexpected consequences for 

water management decisions. As technologies and data access have been 

implemented in South Africa, watershed data has been developed at finer spatial 

resolutions to ostensibly improve the quality and accuracy of simulated results. The 

disparity at the different scales of measurement can occur due to variable rainfall 

patterns, changes in vegetation and soil surface profiles. Given the availability of 

different scales of watershed data, specific questions occur as to the proper scale of 

simulation that will best support the “management” scales (Noss, 1990) needed by 

water resource planners.  
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The following hypotheses were established to address the problems associated 

with modeling and subsequent management of streamflows by investigating uncertainty 

at different scales in the Crocodile River with the second goal of providing a 

comprehensive approach to evaluate hydrological models.  

 Modeling basin streamflows at a finer catchment resolution (quinary scale) improves 

model performance in comparison to observed flow data than a coarser (quaternary) 

scale. 

 An expanded statistical analysis of simulated and observed flows will help to 

highlight both uncertainty in the observed data and the overall model performance. 

 Quinary scale models will have less bias than the quaternary scale. 

 Calibrated models at finer spatial resolution can better inform management 

decisions and regulation of water resources. 

In addressing these hypotheses, the following objectives provided a framework for this 

study:  

 Execute the ACRU model (Schulze et al., 1995; Kiker et al., 2006) in selected 

Crocodile River catchments at the quaternary and quinary scales.  

 Evaluate the predictive ability of  ACRU by evaluating the a series of statistical time 

series analysis techniques (Ritter, A., and Muñoz-Carpena, 2013) including the 

coefficient of efficiency (Ceff), root mean squared of the error (RMSE) and more 

traditional methods such as the coefficient of determination (R2). 

 Discuss the implications of uncertainty in measurements due to systematic or 

random errors.  
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 Discuss the implications of simulation scale for water management decisions, TPC 

development and regulatory frameworks. 

Methods and Tools 

The Agricultural Catchment Research Unit (ACRU) model 

The Agricultural Catchments Research Unit model (ACRU) is a versatile 

watershed scale model that can be used to simulate various hydrological processes 

such as runoff, streamflow, reservoir yield, irrigation water demand and supply, 

sediment management, regional water resources assessment and water resource 

utilization (Schulze et al., 1995; Kiker & Clark, 2006). ACRU can represent large 

catchments by simulating lumped sub-catchments or as distributed cell-type model to 

account for spatial and climatic variability. 

  ACRU was built to model watershed conditions in southern Africa where slopes 

are high, the water table is deep, and soils are not particularly sandy.  The hydrology 

portion of the model has been calibrated and validated as a useful model for various 

watersheds particularly the Umgeni Catchment (Kiker & Clark, 2006)and the Luvuvhu 

River of South Africa in which it has been used for the assessment of land use changes 

(Jewitt, Garratt, Calder, & Fuller, 2004). Previous verification studies have been done 

for the Cathedral Peak Research Catchment in KwaZulu Natal’s Drakensburg which has 

shallow silts and clays with low water tables (Jewitt & Schulze, 1999). ACRU has been 

widely used for watershed modeling in South Africa.  

Precipitation data is provided by the DWAF (Department of Water Affairs and 

Forestry, 2008) at both quaternary and quinary scales. Evaporation takes place from 

previously intercepted water as well as simultaneously from the various soil horizons. 

The data for pan evaporation if available is used to account for water loss by 
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evapotranspiration. Evaporation from soil surfaces is determined using a soil water 

balance equation as described by Ritchie (1972). Later the runoff is determined using 

the modified curve number equation and storm flow is generated using the SCS 

equation adapted for Southern African soil and land use conditions (Schulze et al., 

1995) which were developed for empirical analysis of water catchment areas after 

accounting for initial abstrations such as infiltration, depression storage and interception 

(United States Department of Agriculture, 1972). 

The model was parameterized based on detailed land use and soil map 

information obtained from the ICMA. This data formed the basis for configuration of soil, 

land use and surface characteristics. The ACRU system can use parameters from 

preset databases that incorporate the parameters about the catchments surface 

characteristics and constants that describe elevation, slope and base vegetation (Water 

Research Commission, 2006). The parameters used in this study are based on a 

default quaternary catchment database that is contained in a system of menu-file 

options that have been created for all of South Africa (Schulze, 1995). The two main 

climate inputs in ACRU are the rainfall and evapotranspiration. Rainfall and evaporation 

data is required for the yield modeling at the two selected scales. The quaternary scale 

catchment rainfall and evaporation data was obtained from the DWAF hydrology 

database while quinary scale climate data derived from the gridded South African Atlas 

of Agro-hydrology (Water Research Commission, 2006). Monthly correction factors 

were applied to each rainfall data to account for spatial variability at this scale (Schulze, 

1995). The monthly pan evaporation data is also corrected for evaporation at the 

quinary scale using a monthly factor.  
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Detailed land use and land cover data was provided by the ICMA based on a 

detailed land use study (Inkhlakanipho Consultants, 2009). Land use in the Crocodile 

River Catchment area consists of plantation forestry, irrigated sugarcane and five major 

irrigated subtropical fruits, including, oranges, grapefruit bananas, avocadoes, and 

mangoes (Crawford, 2004). Several land use categories within quaternary and quinary 

catchments  were summarized and translated into ACRU land cover categories that are 

linked to model parameters such as crop coefficients, root depth, interception loss and 

root depth and distribution constants by month (Figure 3-4) (Schulze, 1995). 

The ACRU model has a complementary, quaternary scale database from the 

Institute for Soil, Climate and Water (ISCW) with soil data and classifications for the 

whole of South Africa which provides default values for soil types and characteristics for 

the area of study (Schulze, 1995). However, GIS soil maps made available by the ICMA 

and the Department of Agriculture and Lands Administration (DALA) were used to 

provide a more detailed description of the catchments soil types for the quinary scale 

model.  

Selection of Model Evaluation Indicators and Testing Criteria 

One objective of this study was to determine whether the performance of the 

ACRU model was influenced by different spatial resolutions. The simulation runs were 

conducted at quaternary and quinary scales.  Monthly flow results from each 

ACRU/scale simulation were compared to the observed flow data for six test 

catchments. The primary differences in the two modeling scales are the resolution of the 

parameter values for climate, land use and soil.   

This section presents and describes the statistical tests conducted by comparing 

the simulated and observed data sets from the test catchments. The model was 
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parameterized to reasonably depict the actual geomorphic, agricultural and land use 

characteristics based on historical maps. The simulations for the six test quaternary 

catchments are run for between 5 to 10 years depending on the observed data 

availability for different time periods between 1950 and 1993. The streamflow values 

were simulated at a monthly time step and compared with monthly observed 

streamflows. As each observation point had a different period of operation, each of the 

test catchments was simulated results was selected to compare with observed data.    

Comparison of the simulated and observed results was performed by regression 

analysis of the simulated and observed data.  The performance of the ACRU model in 

terms of the predictive ability and accuracy was evaluated for monthly flows by 

conducting a statistical comparison of the simulated model results with the observed 

data.  

Conventional “goodness-of-fit” or relative error measures were conjunctively 

used to assess the model results as it compares to reality. The traditional two measures 

that were selected were the coefficient of determination (R2) which measures the 

degree of co-linearity between model-simulated variates and the coefficient of efficiency 

(Ceff) which is the ratio of the mean square error to the variance in the observed data 

subtracted from unity (Legates & McCabe Jr., 1999). Additionally, the root mean 

squared error of the residuals (RMSE) was calculated for each data set to provide an 

estimate of the accuracy of model predictions. The RMSE expresses the average 

model-prediction error in the units of the variable of interest (Willmott, et al., 1985). 

Regression analysis is accomplished by fitting an equation of the form y = a + b x fitted 
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to the one to one regression line between the observed and simulated streamflows on 

the x and y axes respectively. 

The coefficient of determination or simply the R2 value describes the total 

variance in the observed data that can be explained by the model. The value of R2 

ranges from 0.0 to 1.0 with higher values indicating better agreement. The coefficient of 

determination is given by 
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where Oi and Pi  represent monthly observed and predicted streamflows respectively of 

sample size n. Ō and P represent mean observed streamflow and mean predicted 

streamflows respectively. Coefficient of determination (R2) describes the total variance 

in the observed data that can be explained by the model. Although useful in indicating 

“goodness-of-fit”, R2 has the disadvantage of being insensitive to additive and 

proportional differences between simulated and observed data (Willmott, et al., 1985). 

As a correlation measure, the R2 value is also sensitive to outliers in data which can 

lead to inaccurate interpretation of model performance. For instance, a model with 

several extreme events like spikes in rainfall or abstraction will have an artificially high 

value of R2. Similarly, several equally deviated events will have high R2 values since by 

the law of averages; errors in measurements will cancel leading to a false conclusion on 

model correctness. Generally, R2 values ranging from 0.7-0.9 are viewed as favorable in 

that most of the variance in the observed data is explained by the model (Legates & 

McCabe Jr., 1999; Krause, Boyle, & Bäse, 2005). 
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The RMSE is used to represent average difference in the observed and 

simulated data. It can be interpreted as the standard deviation of the unexplained 

variance. It is a good predictor of how accurately the model predicts the response. 

Lower values of the RMSE indicate a better fit. The RMSE is given as 
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Average error between observed and predicted streamflow is squared in the 

calculation of RMSE to remove the negative sign if it exists hence only the magnitude of 

the error influence the average error measure. Willmott et al. (2005) have demonstrated 

that it is impossible to discern to what extent RMSE reflects central tendency (average 

error) and variability within the distribution of square errors in simulated data (Krause, 

Boyle, & Bäse, 2005). 

The coefficient of efficiency (Ceff) has been employed widely to evaluate model 

performance (Wilcox, Rawls, & Brakensiek, 1990; Leavesley, Lichty, Troutman, & 

Saindon, 1983). In this study it is used in conjunction with the R2 to validate the 

simulated results from the ACRU model. The coefficient of efficiency also referred to as 

the Nash Sutcliffe Index or efficiency index in literature has values that range between -

infinity and +1. Typical values range between 0 and 1 for unbiased model results and for 

biased models the efficiency index may be negative (McCuen, Knight, & Cutter, 2006). 

The coefficient of efficiency is calculated as follows 
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SD represents the standard deviation of the observations.  In a validation exercise 

where the square of the differences between the model simulation and the observed 

data is as large as the variability in the observed data, the value of efficiency index will 

be closer to zero. In this case, the observed mean is just as good a predictor as the 

simulation results. Values lower than zero therefore mean that the observed mean is a 

better predictor. The disadvantage as is the R2 value is that Ceff is sensitive to outliers 

and extreme values (Legates & McCabe Jr., 1999). 

In order to efficiently compare time series data from simulated and observed 

sources, the FITEVAL tool was constructed (Ritter A. , 2013). This model-independent 

software application has been developed in Matlab ®2007b and requires input files in 

the ASCII format that contains two vectors or columns (Ritter A. , 2013). FITEVAL 

provides a graph of a time series of the observed and simulated data, the 1:1 graph of 

observed and simulated data with calculations of the Ceff and R2 with corresponding 

95% confidence intervals and cumulative probability graph of the Ceff. The output also 

contains a goodness-of-fit evaluation (Ritter & Muñoz-Carpena, 2013). 

The goodness-of-fit is achieved by using the FITEVAL software which uses Ceff 

and RMSE, graphical comparisons, and bias and outliers tests. Based on the probability 

distribution of the calculated Ceff and RMSE values it is possible to generate a criteria for 

the evaluation of the goodness-of-fit as presented in Table 3-2 below. In the case where 

this distribution is unknown, a bootstrapping method as described by Efron (1979) is 
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used to generalize criteria (Ritter & Muñoz-Carpena, 2013).The 95% confidence interval 

is calculated for both the Ceff and RMSE as a method of correcting for model bias. 

Additionally, the model bias is explicated as a percentage of the error from the mean 

and the mean absolute error (MAE) calculated to quantify and explain the presence of 

outliers in the data. 

Results 

Evaluation of Model Performance 

Yield modeling in the catchment has an impact on catchment level decisions as 

the simulated discharges are the basis for assessment of design flows and water use at 

the outlet of each sub catchment (Smithers, Schulze, Pike, & Jewitt, 2001).The results 

from the model evaluation of the quaternary scale and quinary scales are presented in 

Table 3-3 and 3-4 respectively. Observing the statistical measures for both model tests 

reveals the following trends. First, that the results obtained using FITEVAL for the 

simulations at the quinary scale have a generally higher Ceff and R2 values than the 

simulations at the quaternary scale compared against the same observed benchmark. 

Secondly, the results in both cases are significantly better correlated Upper Crocodile 

versus those in the Middle Crocodile and in the Kaap River.  

The resulting goodness-of-fit evaluation provided from running the FITEVAL 

software supports the significant correlation in upper basin catchments indicated by Ceff 

and R2 values. FITEVAL analyses show that the Ceff values are more adequate at a 

quinary scale as they have a higher probability in most cases of falling within higher 

ranges of acceptability than in the quaternary case. The Ceff values in the upper basin 

catchments similarly show more statistical relevance based on the goodness-of-fit 

evaluation (Table 3-4). This evaluation also reveals that the model bias trends that 
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provide insights on the presence of outliers in the data which is important as it provides 

clues on sources of uncertainty.  

For illustrative purposes the graphical results show the results for catchments 

X21H (Figure 3-6) and X23C (Figure 3-7). This rendering provides a comprehensive 

method to evaluate model performance through graphical outputs, plots of observed 

and simulated streamflow, goodness-of-fit correlation indicators, and statistical 

inference results to determine the model bias and effect of outliers on the indicators. 

The figures show a comparison of the one to one graph of the simulation results at a 

quaternary and quinary scale with a corresponding comparison of time series 

streamflow simulation results.  

Comparison of Results at Quaternary and Quinary Scale 

Simulation at quaternary scale are satisfactory with a R2 ranging from 0.49 in the 

Queens River at Sassenheim (X23E) to 0.74 in the Crocodile River at Badfonteins with 

a corresponding Ceff from 0.24 bounded at a 95% confidence interval of (-0.21-0.55)  to 

0.73 bounded at a 95% confidence interval of (0.49-0.89). The results for X21C, 

X21H,X22A and X23C in Table 3-3 show satisfactory correlation of model and observed 

data. The FITEVAL evaluation indicates that the Ceff may be influenced by model bias. 

This demonstrates that it is important to evaluate these outputs on multiple criteria.  

Regression slope values are generally larger than 1.0 which shows a constant 

over prediction of observed streamflows by the ACRU model when modeled at this 

scale. This indicates that the simulated streamflows are consistently under predicted for 

this catchment. The RMSE values range from 0.73 Mm3/month to 6.61 Mm3/month. 

  The results in Table 3-4 for the simulation at the quinary scale gave a R2 ranging 

from 0.47 in the Queens River at Sassenheim (X23E) to 0.67 in the Wit River at Goede 
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Hoop (X23C) with a Ceff ranging from 0.05 bounded at a 95% confidence interval of      

(-0.62-0.44) to 0.64 bounded at a 95% confidence interval of (1.31-2.73).  Regression 

slope values are consistently under 1.0 which shows a constant over-prediction of 

observed streamflows by the ACRU model when modeled at this scale. The RMSE 

values range from 0.87 Mm3/month to 4.78 Mm3/month.  

At the quinary simulation scales, the model efficiency exceeds the 0.5 threshold 

in most cases which according to Legates and McCabe (1999) indicates that the model 

is a better predictor than the average. However, at the quaternary scale in X22A, X23C 

and X23E the simulation falls below 0.5 indicating that mean of the observations would 

have been a better predictor of the streamflow than the model. Ritter and Carpena 

(2013) however propose a higher value of 0.65 as acceptable based on statistical 

testing on a 95% confidence interval that the Ceff is within a range. The simulation 

results some improvement in the results at the quinary scale. The variance between 

simulated and observed data is less evident in the reduction in spread of the correlated 

data.  

There is significantly more bias and outlying data effects detected at the quinary 

level. This may be because the model parameterization at a smaller scale provides 

more information on uncertainty such as information on discharge loss due to 

unsanctioned withdrawals and hydrological events such as localized rainfall due to 

microclimates.  

 The  bias in the quaternary scale simulations in all the six catchments a range of 

between -15.9% to 20.7% bias from the mean while the quinary scale simulations show 

a lower bias in the range between -15.5% to 15.4% from the mean.  The bias is 
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insufficient as a summary of model performance in both management scales since it is 

ambiguous and inconsistent with our expected hypothesis which assumed that larger 

bias would be expected at the quaternary scale than at the quinary scale with a 

consistent positive or negative bias indicating over-prediction or under-prediction. A 

positive bias can indicate a systematic under-prediction or both under-prediction and 

over-prediction with preponderance for under prediction while a negative bias has an 

analogous ambiguity (Wallach, Makowski, & Jones, 2006). Examining the bias however 

improves our understanding of the quality of the observed data. FITEVAL detects an 

obvious outlier in X21C when modeled at the quinary scale which affects the indicators.  

The results indicate the presence or absence of outliers in the observed data with 

the mean absolute error values showing a wider range in the quinary versus the 

quaternary simulations. Large positive or negative bias may indicate the presence of 

outliers in the observed data. It also helps explain the behavior of the other measures 

such as the coefficients of determination which are sensitive to outliers. Positive bias 

also indicates predominantly positive residuals which indicate that the model 

systematically under-predicts at both quaternary and quinary scales. This necessitated 

investigation into the source of this uncertainty caused by either outliers or systematic 

errors which is discussed in the next section.  

For illustrative purposes, the evaluation of statistical significance for two cases 

X21H and X23C shown in Figure 3-5 and 3-6 is used to demonstrate that while 

traditional measure show that results as acceptable an evaluation of the statistical 

significance of the modeled results demonstrates the acceptability of these results in 

addition to looking at the goodness-of-fit measures. At a quaternary scale in both X21H 
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and X23C, the results have a Ceff of 0.61 (-0.2 - 0.85) and 0.48 (-0.20 - 0.74) 

respectively. At a quinary scale this improves with a Ceff of 0.66 (-0.26 - 0.91) and 0.64 

(0.48 - 0.74) respectively. This would indicate an improvement fit in both cases. The 1-1 

scatters indicates that the calculated values in both scale deviate from the observations 

both positively and negatively.  

Observing the statistical significance of the outputs for X21H shows that at the 

quinary scale there is a 31.7% chance of obtaining Ceff <0.65-0.799 which is deemed 

Acceptable according to the criteria outlined in Table 3-2. At the quaternary scale the 

probability of obtaining the same range of in the Ceff is 29.5%.  We would therefore 

conclude that the results at quaternary scale are less acceptable for this scale of 

measurement.  

In the X23C catchment, the probability to obtain an Acceptable rating at Ceff 

<0.65-0.799 is higher at the quaternary scale at 41.1% than at the quinary scale at 

15.7%. Comparing the two scales indicates that the measure at the quinary scale is less 

significant. The model bias in the quinary measurement over predicts the mean by 9.6% 

and in the quaternary it under predicts the mean by 15.9%.  This evaluation gives more 

detailed criteria to determine the acceptability of results as shown in Table 3-5.  

Effects of Uncertainty in Measurement 

Uncertainty in measurements can either be caused by random or systematic 

errors in the data. Random errors can include outliers in the data which can either be 

representative of the actual hydrological conditions in the catchment often caused by 

sudden and extreme weather such as storm events, water theft causing sudden 

reductions in discharge or indicate data collection errors. While it is unethical and 
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inaccurate to correct these points to improve correlation data based on the expected 

trend in the data, it is valuable to understand and explain the model bias as well as 

identify outliers. This diagnosis pinpoints possible errors in the data which can then be 

either verified as valid deviations or actual errors in the observed data. 

Systematic errors occur during data collection such as those caused by flow 

alteration by gauging structures that create a discrepancy in data quality. The South 

African Directorate of Hydrological Services (SADHS) in DWAF has a policy of building 

gauging structures to pre-calibrate the discharge at flow stations. The gauging structure 

creates an artificial control in the river channel that creates a determinable relationship 

between stage and discharge. The most commonly used gauging structures in South 

Africa are Crump weirs. For the purpose of evaluation of the effect of uncertainty in 

observed data for the several test stations, we will assume that the weirs used in the 

Crocodile River system are Crump weirs. A recent study by SADHS found that the 

observed flow at the Crump weirs overestimated actual discharge by 4.3% (Wessels & 

Rooseboom, 2009).  

To illustrate the effect of this systematic bias in results from two catchments 

(X21H and X23C) at both quaternary and quinary scale are re-evaluated. Once the 

observed data and its constituent error are modified, the Ceff values improve consistently 

as is demonstrated an improvement of the goodness-of-fit measurements and the 

ratings in the table below. For the purpose of this narrative we will only include 

improvements at the probability of the fit being evaluated as a performance class of 

Good. Statistical testing is performed at a 0.1 significance level.   
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The results show a slight improvement on each of the goodness-of-fit 

measurements and ratings in each of the test cases. There is a reduced error indicated 

by a consistent reduction in the RMSE and improvement of correlation efficiency with 

higher Ceff values. 

Various studies have however demonstrated that considering uncertainty simply 

by using stage-discharge relationships as proposed by Wessel (2009) which are tested 

in this section (Table 3-6) are insufficient in accounting for measurement errors. Harmel 

et al. (2006) summarizes several additional error estimates that (Table 3-7) have been 

proposed by various authors depending on the data quality and method of calculation 

ranging from ideal, average to poor quality data with corresponding values of 6.1%, 

10% and 20% (Slade, 2004; Pelletier, 1988). Simply put, “ideal” data has less error 

while “poor” quality data is assumed to have significantly more error associated with 

reported values. To explore this concept further, the acceptability level of each 

catchment/scale combination was tested using the same methodology which shows  

some improvement in all the indicators namely improvement of Ceff with progressive 

correction of the data. The highest acceptability as shown in Table 3-7 is found with the 

assumption of poor data quality with the Ceff  improving to a high of >0.8 and a 

progressive improvement in acceptability in the goodness-of-fit. These results show that 

model performance and thus its acceptability for contributing to management decisions, 

is strongly associated with the quality of observed hydrological data.. The difference in 

model performance due to quinary or quaternary scales is generally smaller than the 

difference in model performance given the different error levels in the observed data.  
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Given the results of these statistical tests, further work is justified to more fully explore 

the potential errors of observed flow data in the Crocodile River system.  

Implications of Model Performance on River Monitoring  

As previous mentioned, the Crocodile is currently managed under the RRS 

monitoring system which assesses the state of flow in the river real- time using worry 

levels of flow (McLoughlin, Deacon, Ababio, & Sithole, 2011). An example of this worry 

levels is shown in Figure 3-7 at a monitoring point X2H024 at the mouth of  X23C.  The 

point at which worry levels intersect with the flow curves estimate points in time when 

management decisions are taken. The worry levels are set at high worry, the reserve 

and inform DWAF as shown in Figure 3-7.  

Assuming these estimated worry levels, a water manager would observe the flow 

draws down below the reserve on the first day of August if using the quinary model 

outputs or observed data. This draw down is reflected nearly 2 months later if relying on 

the quaternary data on at the beginning of October. In this case, simulated data used to 

run this system hence would benefit greatly by utilizing quinary versus quaternary data 

which mimic observed data more accurately hence providing for more fine-tuned 

decision points both in space and time. The methodology outlined in this paper 

therefore not only quantifies errors in model outputs at the two management scales but 

also provides an implicitly measure of errors in the timing of management decisions 

depending on the scale of measurement.  

Yield modeling in the catchment has an impact on catchment level decisions as 

the simulated discharges are the basis for assessment of TPC’s and water use at the 

outlet of each sub catchment (Hughes & Hannart, 2003; Smithers, Schulze, Pike, & 

Jewitt, 2001). In the Crocodile River, while estimated runoffs are used with confidence, 
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phase shifts and peak differences with actual observed flows can affect various 

management decisions by river managers. Depending on the scale of modeling the 

shifts vary hence affect management. Phase shifts in runoff would affect timing of 

allocation or restriction decisions which in turn influence demand, application rates for 

irrigation water and ultimately crop yields. In a practical setting, management flows are 

used to at various flow levels to take necessary actions depending on ecological 

reserve requirements. Scale dictates the accuracy of model results that is used to 

determine the accuracy of endpoints and timeliness of management decisions. 

Discussion  

There were two objectives of this study 1) to demonstrate that of the model 

parameterization at a higher resolution produced better simulation results and 2) to 

illustrate that model through management scenarios implications for management at the 

finer quinary scale. Results of this study  do not indicate that parameterization at a 

quinary scale gives significantly better outputs than at a quaternary scale. In 

comparison with observed flow data, the simulations are somewhat biased when 

compared to the observed data. Schulze and Smithers (2001) describe this as an 

indication of that the base flows are over-simulated with a simultaneous under-

simulation of stormflows. This trend may explain the inconsistency of the bias 

measurements across different test catchments. The variations in the residual between 

the mean and simulated measurements while consistent in terms of directionality vary in 

terms of quantity leading to ambiguity in the bias measured.  

An examination of the mean, slope and intercept values of the observed versus 

simulated regression lines reveals a recurrent trend in the catchments simulated. The 

model consistently under predicts base flow with a simultaneous under simulation of 
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storm flows especially during high rainfall seasons (Schulze, 1995). Intercepts are 

shown to be too high with slopes being low. This indicates that the area with low 

intensity winters or consistent with weather conditions within the catchment. It also 

points to a poor distribution of rainfall over the catchment. However, these results 

improve with better resolution of the catchments rainfall distribution. The basis for this 

simulation study is the hypothesis that model accuracy is scale dependent. It is 

assumed that finer spatial and temporal parameterization of the ACRU model will result 

in better simulation outputs. By comparing model results at two different scales, it has 

been shown that at a finer parameter resolution the model results are generally a better 

representation of reality.   

Following the proposed method by Ritter and Muñoz-Carpena (2013) the 

goodness-of-fit evaluation performed proved an improvement over the traditional 

methods of simply comparing the Ceff, R
2 and RMSE values as it explains and accounts 

for the statistical ranges of confidence for these indicators. The model behavior in terms 

of the bias is also explained and tested. The information from the bias led a further 

investigation on the source of uncertainty due to the presence of systematic bias or 

outliers in the data. The effect of this uncertainty is further evaluated. The results 

showed that correcting measurement error significantly improves the correlation 

between model outputs and observed data.   

Cumming et al. (2008) point out that the process by which we learn about the 

world has two scale dependent components, the actual scale at which patterns and 

processes occur and the scales at which we obtain data about them that is used for 

decision making. In the interest of catchment level hydrological modeling, these two 
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considerations play an important role in informing the decision making at various scales. 

Different scales and levels of complexity are required when planning to account for 

various small scale processes that might affect management decisions at different 

resolutions. This is particularly important in the current South African climate with the 

implementation of the National Water Act of 1998 (National Water Act, 1998). In 

integrating hydrological with ecological models to estimate impacts of environmental 

flows, it is important to harmonize model inputs at both a spatial and temporal scale. 

The challenge however remains to translate the statistical measures and methods in a 

way that informs the decision environment in Crocodile River catchment. Scale of 

measurement therefore dictates the effectiveness of the entire SAM framework. 

Pollard et.al. (2011) notes that adaptive management is not an end in itself but a 

process that evolves as new learning is brought to bear and promotes the idea of linking 

science and management. Scale sensitivity introduces new scientific perspectives and 

lessons on uncertainty that should be systematically included in managing the Crocodile 

River as a complex adaptive system.  
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Table 3-1.  Test catchment description showing predominant land uses, mean  

Tributary  
Quaternary 
catchment  Quinary catchment  

Flow 
Station 
ID  Area (km

2
) 

MAP 
(mm) 

MAR 
(Mm

3
/a) Land use 

UPPER CROCODILE                

Krokodil@ 
Badfonteins X21C X21C-1,X21C-2,  X21C-3 X2H070 311 761 121.8 

Irrigation 
Agriculture 

 
Ngodwane River @ 
Coetzeestroom X21H X21H-1,X21H-2,  X21H-3 X2H034 228.8 1069 51.6 

Forest 
Plantation  

 
MIDDLE CROCODILE               

Houtbosloop @ 
Sudwalaskraal X22A X22A-1,X22A-2,  X22A-3 X2H014 251.4 990 71.5 

Forest 
Plantation  

KAAP               

 
Wit River @ Goede 
Hoop X23C X23C-1,X23C-2,  X23C-3 X2H024 81.3 1134 25.4 Sugarcane  

 
Queens River @ 
Sassenheim X23E X23E-1,X23E-2,X23E-3 X2H008 180.4 1024 36.7 

Forest 
Plantation  

 
[a] MAP = Mean annual precipitation  
[b] MAR = Mean annual runoff 

 
Table 3-2. Evaluation ranges of goodness-of-fit with respect to the Coefficient of    

Efficiency (Ceff) (Ritter and Muñoz-Carpena, 2013) 

Evaluation  Range of Ceff 

Very good 0.90  -  1.00 

Good 0.89  -  0.90 

Acceptable 0.65  -  0.79 

Unsatisfactory <0.65 
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Table 3-3.  Comparison of quaternary scale simulations and observed monthly stream 
flow for 5 selected catchments of ,the coefficients of determination (R2), 
coefficients of efficiency (Ceff), median annual observed streamflow and the 
RMSE with 95% confidence intervals for Ceff and RMSE 

Catchment  Period n
[a] 

 R
2 
 Ceff with 95% CI  

Median 
Flow

[b] 
 RMSE with 95% CI 

[c]
 

Outliers 
[d]

 
Model 
Bias

[e]
 

X21C 1980-1985 67 0.53 0.50  [-0.03- 0.76] 4.19 6.61  [4.61 - 8.89] No Yes 

X21H 1972-1982 121 0.63 0.61  [-0.2 - 0.85] 3.11 2.97  [2.22 - 4.04] No No 

X22A 1960-1970 141 0.54 0.49 [ 0.19 - 0.69] 3.66 2.29  [1.86 - 2.88] No Yes 

X23C 1973-1983 132 0.57 0.48 [-0.20 - 0.74] 1.16 0.87 [ 0.67 - 1.18] No Yes 

X23E 1965-1975 129 0.47 0.05  [0.62 - 0.44] 0.65 1.87  [1.31 - 2.73] No Yes 

 

[a] Number of observations   
[b] Median annual observed streamflow (Mm

3
/month) 

[c] Root mean squared error of the residuals (Mm
3
/month)  

[d] Presence of outliers (Q−test) 
[e] Influence of model bias on Ceff    

 

 

 
Table 3-4.  Comparison of quinary scale simulations and observed monthly streamflow 

for 5 selected catchments of the Crocodile River, the coefficients of 
determination (R2) , coefficients of efficiency (Ceff), median annual observed 
streamflow and the RMSE with 95% confidence intervals for Ceff and RMSE 

Catchment  Period n
[a] 

 R
2 
 Ceff with 95% CI  

Median 
Flow

[b] 
 

RMSE with 95% CI 
[c]

 
Outliers 
[d]

 
Model 
Bias

[e]
 

X21C 1980-1985 67 0.74 0.73 [0.49 - 0.89] 4.19 4.78 [3.28 - 7.53] Yes Yes 

X21H 1972-1982 121 0.67 0.66 [-0.26 - 0.91] 3.11 2.78 [2.22 - 3.61] Yes Yes 

X22A 1960-1970 141 0.56 0.54  [0.40 - 0.76] 3.66 2.28  [1.72 - 3.32] No No 

X23C 1973-1983 132 0.67 0.64  [0.48 - 0.74] 1.16 0.73  [0.67 - 1.18] No Yes 

X23E 1965-1975 129 0.49 0.24 [-0.21 - 0.55] 0.65 1.68 [ 1.42 - 2.06] No Yes 

 

[a] Number of observations   
[b] Median annual observed streamflow (Mm

3
/month) 

[c] Root mean squared error of the residuals (Mm
3
/month)  

[d] Presence of outliers (Q−test) 
[e] Influence of model bias on Ceff    
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Table 3-5.  Evaluation of acceptability of results from X21H and X23C based on   
traditional statistical measures and observation of statistical significance 

  Quaternary Quinary 

Evaluation Criteria >> GOF (Ceff and R
2
)   Statistical Significance  GOF (Ceff and R

2
)   Statistical Significance  

X21H Acceptable Unsatisfactory  Acceptable Acceptable 

X23C Acceptable Unsatisfactory  Acceptable Unsatisfactory  

 
Table 3-6.  Assessment of the effect of the removal of measurement bias of 4.3% from 

observed measurements at monitoring points 

Scale   Catchment  
Reduction in 
RMSE Improvement in Ceff 

Evaluation improvement in 
P(0.65>Ceff>0.79)  

Quaternary  

X21C 6.61  to  6.27 0.50  to  0.54  Acceptable (14.9% to 11.8%) 

X21H 2.97  to  2.76 0.61  to  0.67 Acceptable (31.7% to 31.1%) 

X22A 2.29  to  2.12  0.49  to  0.57 Acceptable (8.1% to 4.3%) 

X23C 0.87  to  0.82 0.48  to  0.54  Acceptable (15.7% to 18.0%) 

X23E 1.87  to  1.80 0.05  to  0.12 Acceptable (0%) 

Quinary  

X21C 4.78  to  4.38 0.73  to  0.78 Acceptable (57.7% to 62.8%) 

X21H 2.78  to  4.39 0.66  to  0.70 Acceptable (29.5% to 33.5%) 

X22A 2.28  to  4.40 0.54  to  0.66 Acceptable (28.6% to 54.3%) 

X23C 0.73  to  4.41 0.64  to  0.70 Acceptable (41.1% to 53.2%) 

X23E 1.68  to  4.42 0.24  to  0.30 Acceptable (0%) 

 
Table 3-7.  Effect of uncertainty correction on acceptability for Ceff in X21H 

Condition Method Uncertainty Reference Ceff 
Goodness-of- fit evaluation 

Very good Good Acceptable Unsatisfactory 

None - 0 - 0.66 1.6% 16.7% 29.5% 52.2% 

 

Crump weir 

Stage-

discharge 

method 

4.3% Wessel (2009) 0.70 3.2% 20% 27.7% 49.1% 

 

Ideal 

conditions 

Direct 

discharge 

method 

6.1% Pelletier (1988) 0.71 4.0% 21.6% 27.4% 47.0% 

 

Average 

conditions 

Direct 

discharge 

method 

10.0% Slade (2004) 0.74 6.0 % 25.2% 25.9% 42.9% 

Poor 

conditions 

Stage-

discharge 

method 

20.0% Slade (2004) 0.81 14.7% 31.5% 18.6% 35.2% 
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Figure 3-1.  Location of the Crocodile River catchment (Inhlakanipho Consultants, 2009) 
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Figure 3-2.  Map of selected quaternary catchments in the Crocodile River.  Each of the 

six catchments has no upstream contributors along with multi-year flow 
records 

 

 
Figure 3-3.  The ACRU model  
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Figure 3-4.  Land use within the Crocodile River Catchment (Inhlakanipho Consultants, 

2009) 
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Figure 3-5.  Observed monthly streamflow time series graphs for X21H and 

corresponding comparison of simulated versus observed scatter plot and 
goodness-of-fit evaluations at quaternary and quinary simulation scales 
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Figure 3-6.  Observed monthly streamflow time series graphs for X23C and 

corresponding comparison of simulated versus observed scatter plot and 
goodness-of-fit evaluations at quaternary and quinary simulation scales 
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Figure 3-7.  Flow at X2H024 showing three TPC worry levels and the lags in 

management decisions dependent on scale of measurement.  
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CHAPTER 4                                                                                                              
MODELING WATER USE DECISIONS FOR STRATEGIC ADAPTIVE 

MANAGEMENT USING BAYESIAN NETWORKS IN THE CROCODILE RIVER 

Overview of Bayesian Networks in Adaptive Management  

In order to effectively make water allocation and management decisions in any 

complex socio-ecological system, it is imperative that ecological perspectives and 

stakeholder concerns be incorporated into the overall decision framework.  This has 

encouraged the development of approaches that include community perspectives in 

water resource, environmental and land use management and decision making 

(Campbell & Luckert, 2002; Varis, 1997; Stassopoulou, Petrou, & Kittler, 1998). One of 

these approaches is Adaptive Management. Adaptive management (AM) is widely 

advocated and cited by practicioners and scientists involved in the area of water 

resource management in multifacted catchments as it provides an explicit framework for 

motivating, designing and interpreting the results of monitoring so as to improve 

management of limited environmental resources in water stressed catchments (Holling 

& Sanderson, 1996; Rogers & Biggs, 1999; Walters, 1986; Ringold, et al., 1996; Parma, 

1998; Yoccoz, Nichols, & Boulinier, 2001; Schreiber, Bearlin, Nicol, & Todd, 2004; 

Nicols & Williams, 2006; Duncan & Wintle, 2008). Despite its growing popularity there 

are limited examples of successful adaptive management implementation due to the 

various challenges such as complexity and uncertainty of natural system, data poor 

conditions and conflicting structural inequalities that are associated with managing 

complex socio-ecological systems.  

In dealing with these uncertainties, South Africa ecologists and water resource 

managers (Biggs & Rogers, 2003) have applied this approach in a process dubbed 

Strategic Adaptive Management (SAM).  SAM is achieved in four steps as follows;  
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(1) establishing ‘desired future conditions’ or targets known as thresholds of probable 

concern (TPC’s); (2) identifying relevant management options that actualize these 

goals; (3) operationalising the TPC’s (doing the management) and; (4) evaluation and 

learning (Pollard & Du Toit, 2005).  

TPC’s are of the state and health of different abiotic ecosystem components such 

as river flow, water quality, geomorphology and biotic components such as fish, macro-

invertebrates and riparian vegetation (Foxcroft, 2009; Department of Water Affairs and 

Forestry , 1999; Biggs & Rogers, 2003).  

A key element to the successful implementation of a SAM framework is the 

inclusion of appropriate dynamic process models that provide a framework for the 

identification of potential management actions (Figure 4-1) in characteristically 

ambiguous, complex and data poor decision environments. This is done in four distinct 

steps which include the development of a static system model which includes the 

component habitats and species and how the ecosystem functions and intersects with 

social systems. The second step which we focus on in this paper involves predicting 

potential management outcomes and building management scenarios (Walters, 1986; 

Duncan & Wintle, 2008; Nyberg, Marcot, & Sulyma, 2006; Aalders & Aitkenhead, 2009; 

Bromley, Jackson, Clymer, Giacomello, & Jensen, 2005; Colvin, Everard, Goss, 

Klarenberg, & Ncala, 2008; Rogers & Biggs, 1999). We propose using dynamic 

Bayesian networks (Bns) to provide a method to test and select management options. 

The third step involves prioritizing, planning and implementing management actions. 

The last step entails measuring the outputs of these actions, communicating the results 

to concern stakeholders and reviewing the effectiveness of these actions. 
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The advantage of the use of Bayesian network as noted by Rumpff and Duncan 

(2011) is that they meet the following three requirements: (1) quantitative predictive 

capability; (2) representation of uncertainty in states and transitions; (3) amenability to 

updating as new knowledge accumulated. Additionally, Bns also incorporate both 

quantitative such hydrological data and qualitative data types such as stakeholder views 

and opinions. This research describes the integration of Bns as a tool to facilitate 

Strategic Adaptive Management in the Crocodile River. We describe the critical role of 

Bn’s as management and forecasting tools in the Crocodile River. A significant advance 

presented here is the implantation of a realistically complex and dynamic model in the 

SAM framework. We present an initial review of the construction and implementation of 

Bn’s for water management in the Crocodile River.  

Methodology 

Bayesian Networks 

Bayesian networks (Bns) provide a graphical method for representing 

relationships between variables in an uncertain, probabilistic, imprecise and 

unpredictable environment (Batchelor & Cain, 1999). The outcomes of events occurring 

at the different nodes are determined based on Bayes’ theorem. The links between the 

variables were established either deterministically or probabilistically using different data 

sources such as empirical field data from models, surveys and databases or expert 

opinion. They are constructed by considering management system variables in a 

system which are represented by nodes or variables each with a finite set of mutually 

exclusive states with variable probability. These nodes are connected by directional 

links that represent casual relationships between the elements. Links have direction 

from cause to effect in which parent nodes precede child nodes which are assigned a 
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set of probabilities each representative of the uncertainty of a state (Batchelor & Cain, 

1999).  These are contained in underlying conditional probability tables (CPT’s) and can 

be used to express how the relationships between the nodes operate. Bayesian 

networks operate on Bayes’ theorem in which the net begins with a prior state which 

reflects the knowledge or belief about how a system functions. This belief can be 

updated with time as the understanding of the system increases based on data or 

experiences (Nyberg, Marcot, & Sulyma, 2006; Bashari, Smith, & Bosch, 2008).  

Bayesian nets have three types of nodes based on the functionality. These are 

decision nodes, which typically represent management points with measureable 

impacts on the system. Utility nodes represent impacts of decisions (costs and benefits) 

and nature nodes which represent internal and external variables with conditional states 

(Barton, Saloranta, Moe, Eggestad, & Kuikka, 2008).  

Bayes’ theorem is named after Thomas Bayes who first developed the theorem 

that shows how uncertainties are updated with reference to new information. According 

to Aitkinhead and Alders (2009) Bayes’ theorem depends on the complete prior 

probability distribution being available (i.e. all possible permutations of the variables 

have been described in terms of their outcomes) which is then updated to the likely 

outcome which is known as the posterior probability. The principle behind Bayes’ 

theorem is to capture the probability of an uncertain event or quantity in the form of prior 

probabilities; summarize the data, observe the results and summarize the results as a 

conditional probability or likelihood.  

Bayes’ theorem is then applied by multiplying the prior probability by the 

likelihood (i.e. prior probability x likelihood = posterior probability) (Ni, Philips, & Hanna, 
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2010). For Si which denotes one of n mutually exclusive events and D which denotes 

some diagnostic data where P(Si) is the probability of Si occurring and P(D) is the 

probability of D occurring then in its most rudimentary form Bayes’ theorem states that:  

                                                   
            

             
  
   

                            (4-1) 

P (Si) is the prior probability of Si and         is the posterior probability which is the 

probability that Si occurs when D is true. Conversely,         is the conditional 

probability of D when Si is true. The joint probability         is obtained by multiplying 

      and         which indicates how often Si and D occur simultaneously. Bayes’ 

theorem can be written in different forms with varying levels complexity depending on 

the number of variables involved. 

For example in an ecological system, the management context consists of states 

of a state variable S (ecostatus) describing ecological state as a management endpoint 

and the process variable X(flow) that drives changes in the system and whether the 

intervention D (implement reserve) is operationalized or not. Prior knowledge of the 

ecological state can be expressed as a probability of a state S given intervention D and 

process variable X:  P (S| D, X). In an impact analysis an ecological manager might be 

interested in evaluating the posterior probability for a state variable given driver 

pressure and the mitigating interventions (Barton, Saloranta, Moe, Eggestad, & Kuikka, 

2008). In this case we use open source software Netica® (Norsys Software Corp., 

2012) to implement a Bayesian net for the Crocodile River catchment to evaluate 

management outcomes under different scenarios. 
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Constructing a Bayesian Network   

The development of Bns for water management comprises four main steps as 

demonstrated by Ames (2005) shown in Figure 4-2. This procedure and its various sub-

steps is described below and has been adapted for the development of a Bayesian 

network for adaptive management of the Crocodile River Catchment as described in the 

next section.  

Problem definition  

Defining the problem enables the stakeholders and decision-makers input in 

producing a preliminary assessment of the important variables, decisions, outcomes 

and relationships in the system. It is achieved with the following steps: 

Describe management environment: The initial step involves defining your study 

area and management environment. A useful approach in describing the study area is 

the development of a system model which is an explicit graphical representation of how 

an ecological unit functions that includes components such as habitats, species, actors, 

institutions and markets which was achieved by using knowledge from expert 

consultation and stakeholder meetings. It describes the connectivity of information. Key 

natural processes such as ecosystem dynamics, hydrology and climate and 

anthropogenic processes such as market dynamics, institutions and policy making 

underpin the development of these connections (Pollard & Du Toit, 2005).  

Identify management endpoints: Identifying endpoints (e.g. ecostatus and 

economy) at the onset keeps the Bn focused on the important variables to the decision 

problems under investigation. The geographic locations at which these endpoints will be 

assessed are also selected (Ames, Neilson, Stevens, & Lall, 2005) 
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Identify management alternatives: Management endpoints are classified into 

short-term and long-term planning alternatives that are geared to improving the overall 

conditions in the catchment. Each management alternative is represented in the net as 

a separate node.  

Identify process variables, drivers and actors: The nodes which represent 

variables identified by stakeholders and experts in the previous steps are selected. 

These will be represented as nodes within Bn. These include dynamic process variables 

which are dynamic and represent or contain a consumable resource, actors which 

consume this resource and drivers that affect the system but cannot be directly 

controlled or influenced. 

Establish discretization states for variables: The discretization is done to reflect 

states that are relevant to the stakeholders and managers. In the South Africa, river 

states and flow requirements to maintain ecosystem health have been already defined 

and are commonly used (River Health Program , 2005).  

Model inference 

Bayesian models are built upon CPT’s which define the probabilistic relationships 

between the variables. The CPT’s were inferred from a variety of sources such as 

observed or simulated flow data, expert judgment and stakeholder consultation. 

Observed and simulated data: Observed streamflow data and results for ecological 

surveys are required in the development of a CPT’s. Cheng et.al (1997) propose a 

procedure for inferring Bn structure and the CPT from these data sets hence:  

 Tabulate the observations of each variable sorting each by parent variable. 

 Observations are discretized at various levels (High, Low or True, False, etc). 
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 Count the child node states (Sc) for every combination of parent states (Sp). 

 Probabilities are calculated as:                                   

P = 
  

  
         (4-2) 

Expert elicitation and stakeholder surveys: Certain qualitative cases arise where 

data is sparse and subjective. In these cases where no models are available, CPT’s 

should be inferred from stakeholder elicitation and expert opinions. Within the Netica 

platform used to build the Bn in this exercise, this procedure is done automatically and 

rendered in graphical form. 

Model validation  

Validation determines if the model gives correct predictions and mirrors the 

observed phenomena in question. This is particularly challenging in Bayesian models 

for corroborating outcomes of management options that have never been tested in a 

particular area. This is particularly true in South African watersheds where there is a lag 

in implementation of the National Water Act of 1998 with major delays in promulgation 

of provisions such as the establishment of the Catchment Management Agencies 

(Colvin, Everard, Goss, Klarenberg, & Ncala, 2008). To validate this model we used 

results from a previous study by the River Health Program (River Health Program , 

2005) to reconstruct scenarios and test the predictive ability of the constructed Bn. This 

is the only river monitoring program that proved useful for validation. Within the Netica 

platform used to build the Bn in this process is automated from CPT tables and 

rendered in graphical form. The calculated probabilities for each individual outcome are 

dynamically rendered as percent bars. 
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Case Study Area Overview 

The Crocodile River catchment is part of the Eastern Transvaal Region and falls 

under the jurisdiction of the trans-border Komati River System with Mozambique lying in 

the North East and Swaziland in the South. The Crocodile River falls under the 

jurisdiction of the Inkomati Catchment Management Agency (ICMA) (Carmo Vas & van 

der Zaag, 2003). The Crocodile River has its head water in the Highveld regions east of 

the Drakensburg Mountains into the Lowveld and flows steadily east for 320 km with 

approximately 1200km of tributaries. The Crocodile River joins the Komati River in 

Mozambique terminates in the Indian Ocean. The Crocodile River forms the Southern 

border of the Kruger National Park (Department of Water Affairs and Forestry , 2009).  

The mean annual rainfall falls between 600 -1100 mm/a with higher rainfall recorded in 

the Highveld areas. The Crocodile River catchment forms the X2 catchment which is 

further subdivided into 2 river systems. The Crocodile (East) River which consists of the 

Elands (X21), Middle Crocodile (X22) and Lower Crocodile (X24) that form the main 

stem of the river and the Kaap River (X23) joins from the south east. These two stems 

(i.e. the Crocodile and Kaap) form the management zones for this study (Zone 1 and 

Zone 2).  

Crocodile River Bayesian Model Development 

Problem Definition 

Description of management environment 

The initial system model was developed during the Akili Complexity and 

Integration Initiative Workshop in which the researcher was a facilitator, was led by 

Harry Biggs with a group of academics, researchers and environmental managers (Akili, 

2010). This was done during a session in which participants collaborated in creating a 
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system model to describe the Crocodile River Catchment. This model was refined with 

perspectives and inputs from Catchment Management Strategy (CMS) meetings which 

were a series stakeholder meetings moderated by the ICMA. The CMS meetings were 

part of a catchment wide strategy by the Department of Water Affairs and Forestry to 

encourage participation of stakeholders in the co-management of the Crocodile Rivers 

The process of development of the system model as determined during the 

collaborative workshops involved identifying components in the system which were 

classified according into two broad categories based on whether they were functional in 

a human or natural system. These were then sub-categorized according to the following 

regime: (1) process variables in the system such as flow and biodiversity that hold the 

resources consumed in the system; (2) anthropogenic actors which are primarily 

focused on economic activities. These include municipalities, agricultural water users, 

forestry companies, tourist establishments such as the Kruger National Park; (3) 

management endpoints whose state or resource exploitation is monitored. Over 

exploitation of these resources result in state changes or shifts; (4) management 

alternatives that are implemented to control the rate of resource exploitation.  

The principal focus in human systems was economic activity while in ecological 

systems is sustenance of biodiversity, ecosystem health and functional integrity.  The 

economic activities in the Crocodile River were established to be forestry, tourism and 

commercial agriculture in citrus and sugarcane. These were also major competitors for 

both land and water resources to the ecological systems such as riparian regions and 

water ways that require these resources. 
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  This system model developed during the Akili forum formed the foundation for 

constructing the Bayesian networks as it provided a common mental model or 

understanding of the system (Stone-Jovicich, Lynam, Leitch, & Jones, 2011) by 

representing various stakeholder perspectives and management scales. These 

preliminary structures (shown in Figure 4-4) allow users to change the hydrological or 

socio-economic variables in the networks to explore various management outcomes to 

conform to the provisions of the National Water Act of 1998 (National Water Act , 1998). 

This is also the basis for the organization of the various nodes in the Bn described in 

Table 4-2. 

Identify management endpoints and zones 

Selection of management endpoints: The goals for the SAM framework as they 

relate to the provision of the National Water Act are:  (1) water resource sustainability 

for water users from the perspective of the ICMA and in the KNP context, (2) to maintain 

biodiversity to promote tourism. The nodes in the Bn associated with these endpoints 

shown in Figure 4-7 are “Ecostatus” and “Sectoral Value Addition”  

Selection of management zones: The monitoring of management endpoints is 

performed on the two main stems of the Crocodile River in two defined zones i.e. Zone 

1 and Zone 2 (see Table 4-3.). A different Bn will be built for each of these management 

zones. Ecostatus monitoring at these management zones is done under the River 

Health Program (RHP) initiated by the DWAF (River Health Program, 2005). 

“Management Zone 1” consists of the main stem of the Crocodile River that flows 

through sub-catchment X21, X22 and X24. This section of the river already has a major 

impoundment at the Kwena Dam. The RHP program has previously established 
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ecostatus monitoring site at the Tenbosch (EWR 6) which is located at the far west end 

of the river just before the border with Mozambique. 

 “Management Zone 2” consists of the Kaap River which flows through sub-

catchment X23 and does not have any major impoundments. RHP has a monitoring site 

(EWR 5) which is at the before the point of confluence of the Kaap with the main stem 

of the Crocodile River at Malelane (Table 4-3 and Figure 4-5).   

Identify management alternatives 

The management actions that can be implemented by the water management 

institutions include implementation of the ecological reserve mandated under the NWA 

which would entail curtailing stakeholder water use through licensing, monitoring of 

water use and farm dams and enforcement of restrictions by irrigators. Additionally, 

damming schemes have been proposed to improve water storage (Mallory S. , 2010). 

These alternatives can be viewed as resource consumption control actors. The two 

considered based in ICMA long range water management studies are reserve 

implementation and damming the river to restrict water use. The reserve implementation 

node is considered at the Status Quo in which there is no curtailment, Present 

Ecological Status [PES] implementation requires 25% curtailment and Recommended 

Ecological Status [RES] requires 50% curtailment). The damming node is based on the 

deficit or surplus of water supply after damming the river shown in Table 4-4 (Mallory S., 

2010). 

Identify actors and process variables  

The actors are variables in the socio-ecological systems that are affected by 

management actions. In this preliminary study, they are classified as those that 

contribute to the economy while impacting the river (i.e. agriculture, domestic, tourism 
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and mining) and those that impact the river directly without necessarily making any 

direct economic contribution (i.e. municipalities and international water users). Process 

variables, as previously explained, include those that retain resources that are exploited 

by actors in the system. These are flow and biodiversity. Biodiversity is disaggregated 

into its various components by observing ecological indices designed by ecologists (i.e. 

macro-invertebrate, fish, habitat and riparian vegetation indices) to monitor the state of 

biodiversity in the river ecosystem (Table 4-4). 

Model Inference  

Flow 

Daily records of historical flow at the flow stations at the EWR sites between 

January 1960 and December 1980 are used to determine the breakpoint percentages at 

the IFR low and high flows. This is done by calculating the probability that the observed 

flow at the gauge is below the IFR low flow at the lower breakpoint percentage and high 

flow at the higher breakpoint percentage (Oregon State University, 2002-2005).  This 

percentage represents the probability that a given streamflow will fall within a particular 

range as shown in Figure 4-6. 

The three ranges established based on these probabilities are used to discretize 

the flow levels as follows: Low 0-52%, Medium 53-77% and High 77-100%.   

Ecostatus 

The process of determining the ecological status or state (or simply ecostatus) of 

a river was a step by step process known as the Building Block Method (BBM) as 

elaborated by Kleynhans (2007). This method assesses the in stream habitat integrity 

and riparian habitat integrity according to a number of key modifiers (Table 4-2). Each is 

ranked as a relative measure of state compared to what the state would have been 
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under unperturbed conditions to indicate the degree of change from natural habitat 

integrity. The sum of the modifiers for riparian component, water abstraction, flow 

modification, bed modification, channel modification, water quality and inundation 

modifiers for the in stream component are weighted according to whether they were 

large, serious or critical. These are then used to classify the in stream and riparian zone 

components according to a descriptive integrity class (Table 4-5).  

The first step entails determining what the undisturbed reference condition of the 

river ecosystem which is the original ecological condition in terms of hydrological 

properties, biological diversity and geomorphologic characteristics. The reference 

condition serves as a baseline from which the measurement of the ecological status at 

the time of observation is determined. The second step involves establishing the 

ecostatus. The PES of a river a classified on a scale of A→F based on the information 

on biophysical surveys, historical data, land cover information and aerial photographs. 

Expert knowledge is essential in determining the degrees of change. Ecostatus is a 

relativistic measure of modification on the ecological characteristics of a river from its 

original form either in terms of improvement or degradation. 

Once the ecological status has been established an assessment is done to 

determine the trends in case there is a change, the causes for the variation as 

determined. In river ecosystems the changes are predominantly flow related. For 

instance changes in in-stream habitats can occur if flow regimes change. Lower flows 

can cause greater sedimentation which can alter both channel characteristics and the 

riparian vegetation. The RHP program has defined several monitoring points along the 

river channel where ecostatus measurements are done.  
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Validation of Predicted Management Endpoints 

Ecological status 

The RHP determination of ecostatus focuses of in-stream and riparian biological 

communities and habitats (e.g. fish, invertebrates, vegetation) to characterize the 

response of the aquatic environment to multiple disturbances and monitors the state of 

river systems. The current states provided are benchmarks which are used as 

measures of the present ecological states.  

To develop the Bayesian networks, these benchmark were extrapolated within 

ranges of values to describe hypothetical states both above and below the given 

reference points in relation to other factors in the system such as assurance of water 

supply (Table 4-6). 

The states defined within this model were where possible are based on published 

values from a previous RHP study but also obtained from expert opinions and published 

literature (Mallory S. , 2010; River Health Program , 2005). The outcome of this test 

showed that that the model is consistent with expected with past observations and 

expected observations under various scenarios.  

Sectoral economy 

Water has economic value either as an input towards production in agriculture 

and industry (mining and forestry), in providing income generating ecosystem services 

in tourism and as a commodity for trade in municipal/domestic water markets 

(Nieuwoudt, Backeberg, & Du Plessis, 2004). This value addition provides the basis for 

the development of cost indices for the value of water which is obtained as a function of 

water supply (Table 4-7). However, in the case of tourism where value addition is 

implicitly linked to ecosystem services the sectoral contribution is obtained from the 
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regional Department of Environmental Affairs and Tourism (Department of 

Environmental Affairs and Tourism, 2007). These simplified assumptions form the basis 

for the development of supply scenarios and evaluation of management endpoints. 

Priority is given in supply to the ecological and human reserve, then agricultural users 

and finally industrial users according to the National Water Act (National Water Act , 

1998).  

Sensitivity Analysis 

Sensitivity analysis is used to measure the sensitivity of changes in probabilities 

of query nodes when parameters and inputs are changed. The query nodes of interest 

in this study were the management nodes (alternatives and endpoints). The metric used 

to evaluate sensitivity is the entropy variable which considers how the Bns posterior 

distributions change under different conditions and parameter values.  The modeling 

platform Netica® has a sensitivity analysis tool that is used to evaluate the variables 

that contribute the most uncertainty in the net. Sensitivity analysis would be useful if a 

manager wants to determine what economic sector is most affected by changes in the 

ecological state of the river. Tests on the Bn indicate that uncertainty is reduced with 

additional information to the hypothesis variable of interest such as ecostatus (S) in the 

previous example. This is quantified by looking at the changes in the probability 

distribution of the hypothesis variable of interest (Barton, Saloranta, Moe, Eggestad, & 

Kuikka, 2008).  

Mutual information or entropy reduction function is used to measure uncertainty 

(Shannon & Warren, 1949; Norsys Software Corp., 2012; Pearl, 1988). It is based on 

the assumption that the uncertainty of the hypothesis variable S characterized by a 

probability function P(S) can be represented by the entropy function: 
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 H(S) =        log {P(S)}                                              (4-3) 

A higher value of the function indicates more uncertainty about the state of the 

variable of interest. The reduction in uncertainty about S given a conditional mitigating 

variable represented by D such as will therefore be represented as: 

 H(S|D) =          log {P(S\D)}                                 (4-4) 

The difference between H(S) and H(S|D) is a measure known as entropy 

reduction given by:  

I(S,D) = H(S) - H(S|D)        (4-5) 

In the previous example if I(S1,D) > I(S2,D) would indicate that the expected 

value of the ecostatus is reduced more with the effect of reserve implementation (S1) 

than another conditional variable such as dam construction (S2). This conclusion would 

reflect the higher likelihood for implementation of the reserve versus dam construction 

as an effective management option in that it indicates the variable which has a larger 

effect on the uncertainty in the variable of interest.  

The resulting analysis (Table 4-8) at the site of interest which is in the uppermost 

catchments where ecological units are highly stressed indicate that the habitat, riparian, 

invertebrate and fish indices have the greatest influence over the results of the 

ecological state. The findings also show that tourist sector is most sensitive to the 

ecological status.  

Outcomes of the sensitivity to findings reflect the expected dynamics within the 

catchment. Consumptive water users have significantly less dependence on ecological 

status. The calculated entropy expressed as percent of the entropy of ecosystem for 

instance of tourism is 32% as compared to the agricultural sector (0.0023%) and 
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industry (~1%).This indicates that nodes that dependent on ecosystem services are 

severely affected by decline in the ecological status whereas those dependent on 

consumptive water use are not. 

Application of the Model 

In this section we demonstrate how the resultant model can be used to prioritize 

and test management interventions and set targets as part of an integrated approach to 

management of water resources in the Crocodile River. Case study data based on 

projected ecostatus targets under the various management options were tested which 

includes the various damming scenarios and implementation of the reserve.  

The management endpoints observed provided projections for economic 

contributions to the regional economy. This enabled us to make some conclusions 

about how the Bn can be used to achieve the following goals related to the overall 

Strategic Adaptive Management goals: (a) prioritizing management actions under 

various reserve scenarios; (b)monitoring of thresholds of probable concern; (c) 

forecasting of ecological status of the river at the . The Bn (Figure 4-7) provides a tool to 

evaluate the probability of exceeding a particular management conditions designed to 

improve water and ecosystem management and the evaluation of ecosystem health 

targets. Several test scenarios are simulated to demonstrate the application of the Bn to 

make decisions under uncertainty. 

Impacts of Management on Assurance of Supply 

Assurance of supply denotes the percentage of time that the water user gets all 

the water that they require. Water availability is estimated in the Inkomati catchment as 

a function of the amount of time that they are able to supply water to users (Mallory S. , 

2010).  
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The results indicate that Scenario 1 shown in Table 4-9 which is the status quo is 

the most favorable in terms of achieving the water supply goals for the catchment. 

Within this reserve scenario addition of two dams improves storage hence water 

availability (Table 4-10). The model however indicates that this comes at the cost of 

degradation of the ecological systems resulting in a higher likelihood for a class C river 

which would negatively impact both aquatic flora and fauna. This subsequent 

degradation would most likely affect regional tourism.   

Scenario 3 (Table 4-11) presents a full implementation of the RES which while 

good for the ecological health significantly limits water availability. The assurance of 

supply falls below 50% which will result in severe water shortages and a corresponding 

reduction in productivity. Scenario 2 presents a balanced tradeoff between ecological 

health and water supply to stakeholders in which the assurance of supply is maintained 

at an acceptable level (above 50%) and the ecostatus of the river is kept at a Class B 

river. The two dam solution while maintaining the PES reserve levels provides the best 

case scenario in terms of providing the highest services to all sectors.  

Cost Benefit of Management Actions 

Figure 4-7 shows the Bn at EWR 6 with the probability of all states under status 

quo in management actions in which there is no dam construction to improve storage or 

reserve implementation to prioritize water supply to human and environmental use. This 

scenario also assumes normal flow within the river. Under these conditions, the 

resultant states in ecological state reflect a higher likelihood for moderate degradation of 

the river system due to resultant low flows. 

The economic impact under the various dam and reserve scenarios is evaluated 

by looking at the percentage sectoral contribution to the economy. The Bn provides a 



113 

the changes in proportions based on water supply in supply driven sectors such 

agriculture and ecosystem service driven sectors such as tourism. The scenarios are 

considered individually as presented in Table 4-9 and Table 4-10. By looking at the total 

sectoral contribution it is possible to evaluate the best scenarios which provide a 

balanced approach to management and favorable outcomes in terms of economic 

contribution and ecosystem health. This analysis reveals that upstream damming 

increases water supply to sectoral users but significantly degrades the ecological 

system. While more comprehensive decision making methodologies might result in a 

different decision, using the simplified Bayesian network determines that the best option 

is to dam the river downstream while maintaining a Class B river which prevents 

damage of sensitive ecological systems while providing adequate sectoral water supply 

(Table 4-12). 

This analysis shows that reserve implementation should be maintained at the 

PES level which has a 25% restriction as opposed to the RES level which is not feasible 

economically while maintaining a Class B river. While restricting supply at this level 

significantly improves the ecological state of the river to pristine levels it will lead to 

significant shortfalls in water supply to other stakeholders and is economically not viable 

(Table 4-13).  These results reflect the strong emphasis on traditional economic 

analysis through direct sectoral contributions.  This traditional decision framework is 

however insufficient as it simply maximizes on economic performance. A better decision 

framework should be constructed that prioritize sustainability of water use, equity in 

water access and improved human health as envisioned in the new water laws in South 

Africa.  
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Thus, a different Bayesian network structure focusing on alternative quality of life 

indicators rather than simple economic/monetary returns may give significantly different 

results given similar inputs.   

Discussion   

Bayesian networks have shown to be useful in this case study in providing a 

robust and adaptable tool for modeling management scenarios required within a SAM 

framework. Bns facilitate a process of identifying vulnerabilities enabling a description of 

more resilient interventions to the management of the catchment. It also aims at 

investigating inter-connections between stakeholders and the associated feedbacks of 

information/knowledge for an effective SAM framework using the Crocodile River 

catchment as a prototype but with wider implementation in water management areas in 

South Africa. Strategic adaptive management includes learning outcomes which are 

used to improve the subsequent phases of management. On one level the Bn model 

helps in providing valuable insights into the character of this socio-ecological system as 

a complex adaptive system but can incorporate new information as this understanding 

increases or as it becomes available. 

The important finding in this research is that a “traditional” economic analysis of 

the various proposed scenarios indicates that the intrinsic value of the environment that 

dictates ecosystem value is lower compared to economic interests such as agricultural 

and industrial water users. While the system has demonstrable resilience, degradation 

of ecological integrity in the river does not have a proportional decline in economic 

productivity of the socio-ecological system. This means that stakeholder valuation 

systems for ecological systems need to be reassessed by emphasizing the cultural 

value of ecosystems rather than simply their economic value. A distinct advantage in 
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using Bns to integrate such disparate data is their versatility in constructing several 

alternate valuations and testing them for their concomitant sensitivities.  Thus, in 

analyzing a multiple set of structures and beliefs, a richer picture and analysis can be 

formed.   

This prototype Bn is the first of many potential constructs and can be used to 

inform future management decisions while taking into account uncertainties such as the 

effectiveness of management actions, climate changes and policy changes. Further 

model validation along with alternative network structuring  would be useful  to further 

determine its effectiveness in predicting management interventions. 
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Table 4-1.  Summary of the hydrology of the Crocodile River 

Management zone Sub catchment Natural MAR (Mm3/a) 

Zone 1 X21 (Elands River) 467 

Zone 1 X22 (Middle Crocodile) 362 

Zone 1 X24 (Lower Crocodile) 204 

Zone 2 X23 (Kaap River) 107 

Zone 2 Total 1140 

 
Table 4-2.  Summary of nodes in the Crocodile River Bn (Cain, 2001) 
Categories Description Example 

Management 
endpoints 

These are internal characteristics of the 
socio-ecological system that indicate its 
health, stability or productivity. 

 Ecostatus 

 Regional economy 
 

Management 
Alternatives 

Actions taken to control the rate and 
timing of water consumption  

 Implement reserve 

 Dam river 

 Restrict water use 

Actors Water resource consumers and users   Agriculture 

 Tourism  

 Domestic  

 Industry  

 International water users 

Process variables  Abiotic and biotic variables that control 
the environmental system at the 
nominated scale which management 
actions seek to change improve or 
prevent from deteriorating. 

 Biodiversity  

 Flow 

 Land use 

Drivers Factors which cannot be changed by 
interventions but control the 
environmental system 

 Precipitation  

 Government policies & 
laws 

 
Table 4-3.  Selected management zones on the Crocodile River sections 

Management 
zone 

RHP Site Location Flow station Sub-catchments River 

Zone 1 IFR 6 Tenbosch X2H016 X21, X22, X24 Crocodile 

Zone 2 IFR 5 Malelane X2H022 X23 Kaap 

 

 

 

 

 



117 

Table  4-4.  Establish discretization states for variables 
Category Variable  Node 

type 
Discretization method States 

Management 
endpoints 

 Ecostatus Decision 
Based on scoring system from River Health Program 
(RHP) study (River Health Program, 2005).  

A:  Natural (90-100%) 
B: Good (80-89%) 
C: Fair (60-79%) 
D: Poor (40-59%) 
E: Unacceptable (0-39%) 

Sectoral Economic 
Contribution 

Utility  

Based on study on USAID economic value of water in 
South Africa that provides sectoral indices in R/m3. The % 
economic contribution of tourism to the region is based on 
indices from a study on the economic value of water in 
tourism (Conningarth Consultants, 2001).  

Agricultural sector 
Industrial sector 
Tourism sector 
 

Management 
Alternatives 

Reserve Implementation Decision 

Based on ICMA water management scenarios study 
(Present Ecological Status [PES] implementation requires 
25% curtailment and Recommended Ecological Status 
[RES] requires 50% curtailment). These curtailments 
necessary to attain PES and RES create a further deficit 
to sectoral supply (Mallory S. , 2010).  

Status quo 
Implement PES (25% deficit) 
Implement RES (50% deficit) 

Dam  Decision 

Based on ICMA long range water management scenarios 
study. Each scenario presents an increase or decrease in 
the supply. Scenarios are based on deficit or surplus of 
water supply after damming of river (Mallory S. , 2010).  

Scenario 1 : Status quo (12% deficit) 
Scenario 2 :Dam Upstream (7 % surplus ) 
Scenario 3 :Dam Downstream (14% deficit) 
Scenario 4 –Dam Upstream & Downstream(4 % 
surplus) 

Actors 

Agriculture Nature 
Based on ICMA water management scenario study. 
Demand is measured as an assurance of supply  which is 
the percentage of time users get the water demand.  

Meets demand (> 400 M m3/a) 
Fails to meet demand (<0- 400 M m3/a) 

Mining  Nature 

Based on ICMA water management scenario study. 
Demand is measured as an assurance of supply which is 
the percentage of time users get the water demand 
(Mallory S. , 2010). 

Meets demand (> 23.5 M m3/a) 
Fails to meet demand (0- 23.5 M m3/a) 

International Obligations Nature 

Flow level at the border with Mozambique should be 
maintained at 28 M m3/a  to meet the Inco-Maputo 
Tripartite Agreement (Department of Water Affairs and 
Forestry , 2010) (Department of Water Affairs and 
Forestry , 2010).  

Fulfills agreement : >28 M m3/a 
Fails to fulfill agreement: 0-27 M m3/a 

Domestic Nature 

Based on ICMA water management scenario study. 
Demand is measured as an assurance of supply  which is 
the percentage of time users get the water demand 
(Mallory S. , 2010). 

Meets demand (> 48 M m3/a) 
Fails to meet demand (0- 48 M m3/a) 

Tourism 
 
 
 

 

Based on study on the value of water. (Nieuwoudt, 
Backeberg, & Du Plessis, 2004) 
 
 

Thriving :  77-100%  
 Status quo: 53-77% 
 Failing : 0-52% 
 

 
 
 



118 

Table  4-4.  Continued 
Category  Variable Node Type Discretization method  States 

Process 
variables  

Seasonal Flow  Decision 
Calculated as a the % of observed flow exceeding 
IFR high and low flows at EWR monitoring sites  

High :  77-100%  
Medium: 53-77% 
Low: 0-52% 

Macro-invertebrate Index 
(SASS) 

Nature 
Based on ecostatus scoring system from RHP 

study.  

Natural: 90-100% 
Good : 80-89% 
Fair: 60-79% 
Poor: 40-59% 
Unacceptable: 0-39% 

Fish Assemblage  Index (FAI) Nature 
Based on ecostatus scoring system from RHP 

study. 

Natural: 90-100% 
Good : 80-89% 
Fair: 60-79% 
Poor: 40-59% 
Unacceptable: 0-39% 

 

Riparian Vegetation Index (RVI 
Score) 

Nature 
Based on ecostatus scoring system from RHP 

study. 

Natural: 90-100% 
Good : 80-89% 
Fair: 60-79% 
Poor: 40-59% 
Unacceptable: 0-39% 

Habitat Integrity Index 
(IHI) 

Nature 
Based on ecostatus scoring system from RHP 

study. 

Natural: 90-100% 
Good : 80-89% 
Fair: 60-79% 
Poor: 40-59% 
Unacceptable: 0-39% 
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Table 4-5. Ecological scores for ecostatus components with descriptions in relation to 
degree of modification from natural conditions  

Ecostatus  Description Score (% of the total) 

A Unmodified, close to natural conditions 90-100 

B Largely natural with few modifications. A small 
change in natural habitats and biota may have 
taken place but the ecosystem functions are 
essentially unchanged 

80-89 

C Moderately modified. A loss and change of natural 
habitat and biota have occurred but the basic 
ecosystem functions are still predominantly 
unchanged. 

60-79 

D Largely modified. A large loss of natural habitat, 
biota and basic ecosystem function have occurred 

40-59 

E Seriously modified. The loss of natural habitat, biota 
and basic ecosystem function are extensive 

20-39 

F Critically/Extremely modified. Modifications have 
reached a critical level and the system has been 
modified completely with an almost complete loss 
of natural habitat and biota. Ba0sic ecosystem 
function destroyed and the changes are irreversible 

0-19 
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Table 4-6.  Current ecostatus determined at the various monitoring sites along the 
Crocodile River by RHP (2005) 

 Index Zone 1:EWR 5 (Malelane) Zone 2: EWR 6 (Tenbosch) 

FAI 52% 72% 

SASS  74% 82% 

RVI 40% 49% 

IHI 75% 39% 

ES Score 60% 61% 

PES  C C 

 
Table 4-7.  Sectoral contribution 

Water User 
Cost Index 
(ZAR/m3) 

Supply 
(Mm3/annum) 

Sectoral Contribution/annum 
(ZAR) 

Sectoral 
Contribution (%) 

Agriculture 1.5 344.00 ZAR 516,000,000.00 9.8% 

Industry  196.9 23.40 ZAR 4,607,460,000.00 87.7% 

Tourism 44.4 n/a ZAR 84,625,000.00 1.6% 

Domestic  1 46.60 ZAR 46,600,000.00 0.9% 

 
Table  4-8.  Sensitivity analysis for posterior network to ecological status of the river 

Node Entropy reduction  Percent  

Entropy of ecological state 1.873 100% 

Habitat Index 1.157 61.8% 

Riparian Index 1.157 61.8% 

Invertebrate Index 1.157 61.8% 

Fish Index 1.157 61.8% 

Flow 0.948 50.6% 

Tourism 0.615 32.8% 

Implement Reserve 0.195 10.4% 

Industry 0.016 0.88% 

Domestic Water Use 0.006 0.32% 

Dam River 0.006 0.298% 

Agricultural Sector 0.006 0.295% 

Sectoral Economic Contribution 0.000 0.0023% 

International Water Obligation 1.873 0 
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Table  4-9.  Predicted assurance of supply for Reserve Scenario: 1 - Status quo 

Dam Scenario Agriculture Industry Domestic  

No New Dam 68% 99% 95%  

Dam Upstream 76% 96% 80%  

Dam Downstream 62% 98% 68%  

Dam Up & Downstream 86% 98% 82%  

 
Table 4-10.  Predicted assurance of supply for Reserve Scenario 2: Implement PES 

requirement (requires a 25% supply restriction) 

Dam Scenario Agriculture Industry Domestic 

No New Dam 51% 74% 71% 

Dam Upstream 57% 75% 60% 

Dam Downstream 47% 74% 51% 

 
Table 4-11.  Predicted assurance of supply for Reserve Scenario  3: Implement RES 

requirement(requires a 50% supply restriction) 

Dam Scenario Agriculture Industry Domestic 

No New Dam 34% 49% 48% 

Dam Upstream 38% 50% 40% 

Dam Downstream 31% 49% 34% 

Dam Up & Downstream 43% 49% 41% 
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Table 4-12.  Total sectoral economic contributions for the damming scenarios 

 
TOTAL SECTOR ECONOMIC CONTRIBUTION 

Scenario/ Ecostatus A B C D 

No New Dam ZAR 5,198,183,071 ZAR 5,202,299,076 ZAR 5,201,243,639 ZAR 5,199,661,672 

Dam Upstream ZAR 5,195,594,858 ZAR 5,201,266,931 ZAR 5,200,211,494 ZAR 5,202,827,750 

Dam Downstream ZAR 5,196,098,329 ZAR 5,200,722,092 ZAR 5,199,666,655 ZAR 5,198,611,218 

Dam Up & Downstream          ZAR 5,196,153,951 ZAR 5,199,731,547 ZAR 5,199,731,547 ZAR 5,198,147,204 

 
Table 4-13.  Total sectoral economic contribution for reserve implementation scenarios 

 
TOTAL SECTOR ECONOMIC CONTRIBUTION 

Scenario/Ecostatus A B C D 

No reserve implementation X ZAR  5,204,351,023 ZAR 5,203,297,962 ZAR  5,206,972,030 

Implement PES ZAR   5,196,107,367 ZAR  5,196,107,367 ZAR 5,195,580,836 ZAR  5,194,001,245 

Implement RES X X X X 
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Figure 4-1.  Generalized framework of SAM as proposed by Pollard & Du Toit  (2005) 

applied to management of aquatic ecosystems, their surroundings which 
includes management of environmental flows 
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Figure 4-2.  Generalized approach to developing a Bn for application in the 

development of management option of a SAM framework (adapted from 
Pollard & Du Toit, 2005) 

 

 
Figure 4-3.  Map of the Crocodile River within the Inkomati Water Management area 
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Figure 4-4.  System model obtained from collaborative sessions showing interactions 

between socio-ecological components in the Crocodile River Catchment 
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Figure 4-5.  Location of ecostatus monitoring sites 

 

 

 
Figure 4-6.  Streamflow at EWR 6 with IFR maintenance high and low flows 
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Figure 4-7.  Bayesian network for the Crocodile River at EWR 6. The probabilities expressed in this diagram reflect the 

discretized states outlined previously 
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CHAPTER 5                                                                                              
CONCLUSIONS  

This research project involved the use of complexity and resilience theory as a 

foundation for integrating several tools to explore ecological impacts from water 

management decisions in the Crocodile River.  The tools varied from (1) system-

envisioning frameworks that involved multiple stakeholder groups and subject matter 

experts to (2) computational modeling using the ACRU agro-hydrological model at two 

catchment scales analyzed with the FITEVAL tool for evaluation to (3) Bayesian 

networks to model water use scenarios to provide practical insights into the ecological 

status of river reaches.  The Crocodile River System presents an example of a highly 

complex social-ecological system in which a variety of stakeholders compete for 

common and shared water resources.  As a multifaceted catchment, the Crocodile River 

is characterized by a diversity of connections between dynamic socio-ecological 

components. The complexity and resilience framework used in this research helped to 

better understand and describe these levels of interaction between the ranges of actors 

that exist within the catchment such as the interaction between the human and 

ecological system.  

The integrated modeling framework used in this research hypothesizes that the 

ability of a river system to provide ecosystem goods and services is a useful measure of 

the resilience. As such, identifying key ecosystem goods and services provided by the 

catchment will facilitate a process of understanding potential system vulnerabilities 

which will enable the design of more resilient interventions to the management of the 

catchment. It also aims at investigating inter-connections between stakeholders and the 

associated feedbacks of information/knowledge for an effective adaptive management 
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framework using the Crocodile River Catchment as a prototype but with wider 

implementation in water management areas in South Africa. 

Hydrological information obtained from modeling the catchment using ACRU 

provided valuable insights both on the behavior of the model at the different 

management scales and the quality of observed data.  The improved evaluation 

methods presented allowed for the analysis of data collection errors at monitoring sites 

and help to determine the effect of data quality and uncertainty on adaptive water 

planning management decisions.  While it was initially presumed that that at a finer 

scale, model outputs would be more accurate this hypothesis did not anticipate that 

uncertainties such as data collection errors, friction losses and increased effects of 

microclimate would magnify the effect of errors at a smaller scale. This begs the 

question as to whether water managers should be concerned with appropriate temporal 

and spatial scales of measurement depending on the decision environment versus 

simply assuming that more detail provides better answers.  

Bayesian networks have been used to prioritize and test management 

interventions and set targets as part of an integrated approach to management of water 

resources in the Crocodile River. Case study data based on projected ecostatus targets 

under the various management options were tested which includes the various 

damming scenarios and implementation of the reserve. The challenge that water 

managers in the Crocodile River experience is understanding the cumulative effects of 

their management actions on the ecological health and economic productivity of 

activities that depend on the Crocodile River. Bns brought the ability to bridge these two 

critical endpoints. The management endpoints observed provided projections for 
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economic contributions to the regional economy. This enabled us to make some 

conclusions about how the Bn can be used to achieve the following goals related to the 

overall Strategic Adaptive Management goals: (a) prioritizing management actions 

under various reserve scenarios; (b) monitoring of thresholds of probable concern; (c) 

forecasting of ecological status of the river at the monitoring points. The Bn provides a 

tool to evaluate the probability of exceeding a particular management condition 

designed to improve water and ecosystem management and the evaluation of 

ecosystem health targets. Several test scenarios were simulated to demonstrate the 

application of the Bn to make decisions under uncertainty. 

Management scenarios were adopted from previous studies that took into 

consideration various levels of enforcement of the provisions of the National Water Act 

(National Water Act, 1998). Ecostatus measurement at the two monitoring sites EWR 5 

and EWR 6 along the Crocodile were based on a previous study by the River Health 

Program (River Health Program , 2005) to monitor the health of rivers based on various 

ecological indicators such as FAI, RVI, SASS and IHI that cumulatively determine the 

ecostatus both in the present (PES) and for recommended levels (RES). Economic 

indicators were based on the cost indices for the economic value of water.  

The model outputs enabled a broader understanding of the interaction of 

ecosystem health and economic activities within the catchment.  This analysis shows 

that at the site of interest which is in the uppermost catchments where ecological units 

are highly stressed indicate that the habitat, riparian, invertebrate and fish indices have 

the greatest influence over the results of the ecological state. The findings also show 

that tourist sector is most sensitive to the ecological status. Industrial use of water 
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shows low impact on both endpoints owing to the fact they have a larger impact on 

water quality than quantity. We also conclude that nodes that are dependent on 

ecosystem services are severely affected by decline in the ecological status whereas 

those dependent on consumptive water use are not. 

In summary this study shows that  process by which we learn about the world 

has two scale dependent components, the actual scale at which patterns and processes 

occur and the scales at which we obtain data about them that  is used for decision 

making. In the interest of catchment level hydrological modeling, these two 

considerations play an important role in informing the decision making at various scales. 

Different scales and levels of complexity are required when planning to account for 

various small scale processes that might affect management decisions at different 

resolutions. This is particularly important in the current South African climate with the 

implementation of the National Water Act of 1998 (National Water Act , 1998). In 

integrating hydrological with ecological models, it is important to harmonize model 

inputs at both a spatial and temporal scale. The challenge however remains to translate 

the statistical measures and methods in a way that effectively informs the decision 

environment in Crocodile River catchment.  
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APPENDIX A                                                                                                                                                     
ACRU DATA FILES 

 
Object  A-1.  ACRU quaternary catchment menu files  

Object  A-2.  ACRU quinary catchment menu files  

Object  A-3.  ACRU quaternary climate input files  

Object  A-4.  ACRU quinary climate input files  

Object  A-5.  ACRU quaternary catchment output files   

Object  A-6.  ACRU quinary catchment output files   

Object  A-7.  FITEVAL quaternary output files  

Object  A-8.  FITEVAL quinary output files  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

http://plaza.ufl.edu/natekish/Menu_ACRU_Quat.zip
http://plaza.ufl.edu/natekish/Menu_ACRU_Quin.zip
http://plaza.ufl.edu/natekish/Climate_Files_ACRU_Quat.zip
http://plaza.ufl.edu/natekish/Climate_Files_ACRU_Quin.zip
http://plaza.ufl.edu/natekish/Results_ACRU_Quat.zip
http://plaza.ufl.edu/natekish/Results_ACRU_Quin.zip
http://plaza.ufl.edu/natekish/FITEVAL_Quat.zip
http://plaza.ufl.edu/natekish/FITEVAL_Quin.zip
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APPENDIX B                                                                                                                                      
BAYESIAN NETWORK MODEL AND CASE FILES 

 
Object  B-1.  Bayesian network model 

Object  B-2.  Bayesian network case file at EWR 5 

Object  B-3.  Bayesian network case file at EWR 6 

 

http://plaza.ufl.edu/natekish/CrocRiverBayes.neta
http://plaza.ufl.edu/natekish/CrocRiverBayes_EWR5.neta
http://plaza.ufl.edu/natekish/CrocRiverBayes_EWR6.dne
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