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Policy summary
The key to addressing adaptive integrated water resources management (AWRM) is the ability to deal
with both complexity and uncertainty in a comprehensive, comparative and robust way (Pahl-Wostl et
al., 2007c). The uncertainty inherent in predictions of future climate change and the complexity of
dynamic socio-economic systems require a faster and more responsive coping and adaptation cycle
than in the past which includes both expert and lay knowledge (ibid.). This uncertainty and complexity
also implies that new vulnerabilities may emerge which further complicate the ability to plan for
successful transitions to a sustainable and resilient management regime. That is, managing these
inevitable uncertainties requires improved learning and adaptation in the place of traditional command
and control methods (ibid.) However, a key barrier to facilitating successful transitions is path
dependence which is the result of investments in previous technologies and practises resulting in
‘lock-in’ effects, even if there is an awareness that the current pathway is unsustainable (ibid.).
This review of state of the art methods for the assessment and analysis of dynamic vulnerability will
address several of the concerns stated above as it is the identification of the factors that contribute to
vulnerability and how this changes over time, which in turn allow the identification of learning and
adaptation mechanisms that have both worked and failed. An analysis of the reasons for the successes
and failures of these strategies will provide a broader repertoire of responses (resulting from expert
local knowledge) and thus less investment in one particular development pathway, in an attempt to
break or avoid 'lock-in' effects which inhibit innovation and experimentation when dealing with
uncertainty (Liu et al., 2007).
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1

Introduction

Understanding socio-ecological systems
Understanding socio-ecological systems is a challenge not least because past academic
debates on vulnerability have traditionally focussed upon social systems while resilience
debates have focussed upon ecological ones. Whilst this distinction has become more blurred
in recent years, due to the recognition by each community that both address complimentary
dynamic and complex interactions, more synergy between the conceptual underpinnings of
these paradigms is required for successful research into the sustainability of socio-ecological
systems. Adaptive water management is a key component to this in many cases.
Vulnerability has been used in many different fields but its roots are in the study of natural
hazards and poverty. Generally vulnerability has a human or society-centred perspective
which contrasts with the environmental bias of early resilience literature. As a link between
the two the use of the concept of adaptation is still somewhat vague (Schoon 2005) though
adaptation to environmental variability has been a focus of anthropologists since the early
1900s (Janssen and Ostrom, 2006). Holling and Walker (2003) link resilience to the concept
of adaptation1 while climatologists and climate impacts researchers are increasingly
combining the concepts of vulnerability and adaptation. Smit and Wandel (2006), for
example, see adaptation as a manifestation of adaptive capacity that represents ways of
reducing vulnerability.
However, Fischer (1994) writes that the integration between quantitative and qualitative
approaches and methodologies has been unsuccessful in the past due to the failure to address
the fundamental differences between social science and natural science phenomena. In
attempting to understand complex and dynamic vulnerability, this report describes a range of
innovative methods which attempt to ‘bridge’ these interdisciplinary domains, allowing a
fusion of the qualitative, social and quantitative, environmental and water management data
within various types of models, to relate cultural and social knowledge to context,
perceptions, risk, uncertainty and the behaviours that emerge (Fischer, 2002).
Adaptive capacity, resilience and vulnerability have been proposed as useful concepts in an
adaptive management process. They can assist stakeholders to think about complex socialecological systems in order to develop hypotheses about the system. These hypotheses can
then be tested within the adaptive management process.
However, there still exists confusion about the meanings of adaptive capacity, resilience and
vulnerability since different disciplines use them in different and sometimes incompatible
ways. To become useful to practitioners the concepts must be further operationalised. This
requires reducing the broad, metaphorical definitions to a set of variables of concern – for
example, the resilience of what to what, or the vulnerability of whom to what. Measuring
adaptive capacity, resilience and vulnerability for management practice, is difficult because
of the complexity and of dynamics of freshwater systems. Often the system changes faster
then it can be assessed and indicators do not capture the functional processes of the system.
Therefore the impact of such assessments is often more academic than practical. The
conceptual confusion regarding these definitions is discussed further in D2.5.1. Here, we
attempt to go beyond the debate of definitions to the practical application of context-relevant
methodologies and frameworks.
1

Adaptive capacity is a component of resilience that reflects a learning aspect of system behaviour in response to
disturbance.
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What is dynamic vulnerability?
Vulnerability is a complex and by definition it encompasses many attributes or multiple
stresses (social, economic, environmental) which change at different speeds (slow and rapid
change) – therefore, it is dynamic. If this is the case, we cannot assume to be able to capture
a vulnerability state per se, using static indicators as it cannot be bounded, even if we
attempt to incorporate many differing viewpoints of vulnerability using participatory
processes. The system changes faster then it can be assessed (or perceived in many cases)
and indicators do not capture the functional processes of the system or the interrelationships
between these processes as they are often poorly understood.
Our point of departure in attempting to integrate dynamic vulnerability into water catchment
planning are the six attributes discussed in Downing et al. (2006). The existence or lack
thereof of the following attributes contribute to the degree of ‘lock-in’ to a particular
development pathway or to the adaptation of responsive coping cycles which are more likely
to lead to sustainability and resilience.
1.

Vulnerability is the differential exposure to stresses experienced or anticipated
by different exposure units.

2.

Vulnerability is not static – it is constantly changing on a variety of inter-linked
time scales.

3.

Social vulnerability is rooted in the actions and multiple attributes of human
actors.

4.

Social networks drive and bound vulnerability in the social, economic, political
and environmental interactions.

5.

Vulnerability is constructed simultaneously on more than one scale (e.g.
economic impacts at the national or international scale can have cascading and
unpredictable impacts at the local, micro-economic scale).

6.

Multiple stresses are inherent in integrating vulnerability of peoples, places and
systems.

These attributes may be accessed and analysed using a variety of methods which are
described in this report and have been applied in various cases in the NeWater project. This
will demonstrate their conditions of applicability and ‘added value’ in a ‘diagnostic
approach’ to derive recommendations for processes of change. This includes studies in the
Orange (Section 5.1), Tisza (Section 5.2) and the Upper Guadiana (Section 5.3) river basins.
As mentioned, one of the main barriers to AWRM are sunk costs where large previous
investments predetermine and constrain the pathway of development. However, planned
interventions and adaptive responses not only need to address this with respect to stresses on
the system, but more importantly they need to address the element of ‘surprise’, or
unexpected events, which may be more likely to lead to increased or new vulnerabilities and
are obviously by their nature difficult to plan for. This is one of a number of barriers to
adaptation, including poorly understood socio-cultural and political constraints which restrict
the connections between policy and action. These are visible in all our cases and these
mechanisms must be understood in order to promote social learning and the transition to new
decision pathways.
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2
2.1

Methods for analysing dynamic vulnerability
Formal frameworks for vulnerability

We discuss various approaches below and assess their ability to capture the definition of
‘dynamic vulnerability’ given above, in which the multi-actor, multi-scale, multi-level,
multi-stress nature of vulnerability is paramount to the analysis. In the vulnerability research
community there has been an on-going debate as to whether indicator/index-based
approaches (i.e. static approaches) or model-based approaches (i.e. dynamic approaches), in
particular agent-based models, are more suitable for assessing vulnerability. This text
attempts to move beyond the ‘either-or’ character of this discussion, by analysing the
strengths and weaknesses of the different approaches, and rather matching vulnerability
analysis and/or measurements to a given problem, in an appropriate way.
Sustainable water management should maintain in the long-term the key functions of a water
system and avoid irreversible developments and catastrophic shifts towards undesirable
states. This implies the maintenance of an “appropriate” level of adaptive capacity of the
water system to ensure functional integrity in the context of changing external boundary
conditions and to counter undesirable internal non-linear developments. Adaptive
management is a key strategy for enhancing the adaptive capacity of water systems though it
must be both anticipatory and reactive. Anticipation of future developments in scenario
planning is needed in order to define what an “appropriate” level of adaptive capacity should
be. However, this is also difficult due to the complexity and uncertainty inherent in social
and environmental systems, particularly with respect to the new threats associated with
climate change.
2.2

Static models versus dynamic models

The indicator-based or other static approaches and model-based or other dynamic approaches
are discussed on the basis of the following terminology. Generally, in both approaches,
vulnerability is a measure of possible future harm. The subject matter of the vulnerability
assessment, i.e. the "real-world" phenomena whose vulnerability is analysed, can be referred
to as a system. It can be a natural, social or coupled social-ecological system. Some methods
also assume that we can observe (or measure) the state of the system.
2.2.1 Management Transition Framework (MTF)
One example of a conceptual framework for understanding water systems and management
regimes (which includes contextual analysis and therefore certain aspects of vulnerability) is
the Management Transition Framework (MTF). This is an interdisciplinary conceptual
framework supporting an understanding of the multi-level transition processes towards more
adaptive management. It has a modular structure to address different perspectives for
research and practical application in water management (Pahl-Wostl at al, 2007b; Pahl-Wostl
(ed.) - NeWater Deliverable 1.7.1).
The static representation (class diagram) of the water system includes an environmental and
a societal system with objects, attributes, and relations within and between both sub-systems.
The emphasis is on understanding the governance regime and factors influencing its
performance. The framework allows a multi-level representation – from an action arena to
details of interactions between actors in specific situations. The process view or dynamic
view (activity diagram) is a representation of a sequence of activities for the
policy/management cycle and learning and transition processes linked to it. The combination
of both representations supports the analysis and understanding of processes of multi-level
change.
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It should be noted that a case comparison applying the NeWater-MTF framework has been
initiated in the Orange Basin carried out by PIK, SEI, USF and Ecologic in South Africa and
Lesotho2.
2.2.2

A formal framework of vulnerability

Another conceptual framework for vulnerability analysis which can be applied to adaptive
water management systems, developed by Ionescu et al. (2005), nevertheless takes
dynamical systems as one of its basic elements of description. Dynamical systems are
particularly important for capturing the 'potentiality' aspect of vulnerability as they are
composed of an initial state and future possible evolutions of that state. This formal
framework of vulnerability is geared in part towards providing a framework for
computational tool development used in vulnerability assessment, in particular towards
combining different models. The first step of analysis in the MTF framework is a welldeveloped static model for describing relevant components of the social and ecological
systems. As further development of the formal framework for vulnerability analysis (Ionescu
et al., 2005) is on-going and may eventually incorporate a more detailed description of the
initial institutional context, the two frameworks may be usefully compared in future
development.
The simplest dynamical model, and the one most frequently used in vulnerability
assessments is that of a discrete dynamical system. The transition of such a model is given
by the function:
f: X  X,
where X is the set of states of the system. Running the model means iterating the function f
and producing a trajectory of future states:
x1, x2,..., xn.
Note that this symbolism includes both aggregate and agent-based models. The difference
between the two is not relevant for the argument made here.
It is also important to note that the models used are of a kind whose evolution is not easily
foreseeable. In the above symbolism this means given the trajectory x1,x2,x3…. it is not
immediately clear what x4, i.e. the next state, is. Furthermore, the models used are generally
sensitive to changes in model structure, parameters, initial or boundary conditions. In fact, an
important aspect of such dynamic modelling is the exploration of how the evolution of the
model changes through variations in these variables. In dynamic vulnerability analysis in
particular, the variation of the model structure that represents the institutions and agents’
decision making rules are important in determining the evolution of the system (e.g. in
Bayesian Belief Networks (Bromley, 2005)).
2.2.3

Indicators

One method of assessing static vulnerability is to select indicators and possibly aggregate
these into an index. Indicators are observable magnitudes that hint at or give us some
indication of the degree of vulnerability of the system studied. Since vulnerability is a
measure of possible future harm, indicators must be selected that may imply or indicate
2

The MTF framework has been applied to the case of institutional analysis of wetlands management
in Lesotho, representing data from interviews on the local, district and national scale relevant to
wetlands conservation in Lesotho. Next steps to be taken are to represent information on water
management institutions dealing with climate-related extreme events at the sub-basin scale in South
Africa and Lesotho. A comparison of the cases using the MTF-framework should provide insights into
decision making processes operating at multiple scales in both cases.
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possible future harm. Indicators can be selected to achieve this on the basis of inductive
reasoning (theory building) or deductive reasoning (use of existing theory). In the former
case, indicators are based on one’s own observations of a number cases (possible hundreds,
for example, in a meta-analysis), whereas in the latter, indicators are selected on the basis of
established scientific theory or common sense.
2.2.3.1

Indicators based on inductive reasoning

Indicator approaches are common in science when the causal relationships in a system are
not understood well enough to quantitatively model future evolutions of the system. Through
inductive reasoning, indicators tell us how "close" the vulnerable system is to experiencing
harm. Historical data regarding the system of interest (or a similar system) tells us that an
indicator had a particularly low value (or high value) when the system was harmed in the
past.
Considerable work in this area has been done by Sullivan et al (2002a and 2002b, 2003,
2006a), who have demonstrated the value of such composite index approaches to ‘measure
the immeasurable’, and to provide a rapid appraisal approach to support decision making in
water management. In this work, a multi-criteria framework based on the Analytical
Hierarchy Process of Saaty (1980) has been used as the basis for the development of multidimensional indices which attempt to simultaneously capture both breadth and complexity at
a variety of scales. The challenges of scale in relation to the use of indices in water
management has been further discussed by Sullivan et al (2006b), while the relevance such
index approaches to IWRM has been highlighted (Wallace et al., 2003). Sullivan and Meigh,
have also used an indicator-based approach to represent the current state of vulnerability in
water management systems, with the application of scenarios of global change used to
suggest how this vulnerability state may change in future periods (Sullivan and Meigh,
2005).
In ecology, an 'indicator species' is used to represent the condition of the larger ecosystem.
The indicator species gives the analyst an indication of, for example, disease outbreak in the
ecosystem, rather than necessarily being associated with a causal mechanism of future
evolutions of system. This is based on observations in other similar ecosystems, and theory
built on these observations. Similarly, the abnormally high temperature of a sick person
indicates the likelihood of the presence of a virus, but not the cause of the illness, nor is it the
cause of the continuation of the illness. In the medical sense, indicators reveal 'symptoms' to
be used in the diagnosis of a patient, or a vulnerable socio-ecological system. Similarly,
Brooks et al (2005) develop indicators of vulnerability to climate variation (and by
extension, climate change) by examining mortality data from previous weather-related
disasters and establishing statistical relationships with socio-economic variables to select
proxies for vulnerability.
2.2.3.2

Indicators based on deductive reasoning

Indicators based on deductive reasoning are selected using existing scientific theory or
common sense knowledge about the evolution of the system. In social vulnerability research
these indicators often tell us something about the vulnerable system's generic capacity to
respond to whatever harm it might face. The IPCC, for example, lists 8 'determinants' of
adaptive capacity (IPCC, 2001, 2007, Tol and Yohe, 2007). These indicators represent the
knowledge that a lack of resources, technology, etc. inhibits a system's ability to respond to
any threat. From an intuitive understanding of what constitutes a 'good' state, indicators are
deduced for the causal mechanisms which bring the system into the next state. Examples for
such indicators are found in GDP, number of patents, and other indicators of economic,
human and social capital. A second well-known example of the deductive reasoning
approach to indicators is the 'root-causes of vulnerability' developed in natural hazards
research (Blaikie et al, 1994). A conceptual theory of vulnerability establishes that root
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causes—i.e. economic structure, power and ideology—determine measurable characteristics
of society, i.e. resource distribution, wealth, etc. which are indicators of a system's
vulnerability. The established theory leads to the selection of indicators of vulnerability
which denote characteristics determining a system's ability to respond to threat.
Both of these ways of establishing indicators can be seen, similarly to the model-based
approaches, as building a (conceptual) model of the vulnerable system. The difference in the
two types of approaches, indicator-based and model-based, is one of complexity. In the
former case, the model is a simple static one, while in the latter case, the model is a dynamic
one, i.e. one that can be iterated. The simple static, indicator-based approach model is
usually monotonic in the relation between the indicator value and its indication on how far
away the system is from being harmed. This means that indicator-based approaches cannot
capture surprise, i.e. when a system that is far away from the threshold and will still be
harmed adversely. The dynamic model of the model-based approach is usually non-linear
and not monotonic. This is usually the motivation for building the model in the first place,
i.e. to explore the unpredictable behaviour of the system.
2.2.4

Modelling complexity and dynamic processes

There are two main approaches to computational modelling of social systems or socioecological systems relevant to vulnerability assessment. One is the traditional neo-classical
economic paradigm employed in either stand-alone macro-economic models or incorporated
into integrated assessment. The other is agent based modelling used in a growing amount of
empirically based studies. The distinction between the two approaches is based mainly on
how the models deal with the behaviour (or preferences) of the agents (Pyka and Fagiolo,
2005).
2.2.5

Economics, risk and perception

In the case of general equilibrium macro-economic modelling, assumptions about actors’
behaviour are formalized in mathematical terms and the model is run to project outcomes,
which are emergent or macro properties. However, in order to permit analytical solutions to
the model, a number of limiting assumptions must be made regarding preferences. A typical
result is that agents are not differentiated, i.e. there is one consumer for an entire region, and,
in most models, the agents are ascribed 'hyper-rationality', i.e. they strictly maximise their
own utility and possess infinite calculating ability. Additionally, assumptions are often made
about agents’ access to information, with perfect information facilitating computations.
These assumptions have been criticised as being directly contradicted by empirical reality
(Pyka and Fagiolo, 2005).
Economic vulnerability, per se, is well defined as an aggregate function of dependency,
redundancy and susceptibility. The relationship between the spatial concentration of
economic sectors and vulnerability is verified. However, economic vulnerability must be
seen within the concept of risk, and risk has no unequivocal definition. Especially, when risk
perceptions come into play, risk and vulnerability assessment start to become complex.
Furthermore, economics does not provide a unified approach to risk appraisal. Depending on
whether a welfare economics approach or an asset assessment is chosen for the assessment
the results can differ remarkably. The choice of a methodological approach depends on the
objectives and the policy agenda of stakeholders involved.
The integration of indicators which incorporate rates of change relative to a baseline is a
further step removed from a static indicator approach which allows the inclusion of more
complex factors. For example, Section 5.3 describes how one can link baseline vulnerability
to a farm-based agro-economic modelling of policy-relevant scenarios. This micro-scale
vision is then aggregated to the basin-level by means of a systems dynamics hydrology
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model, WEAP (SEI 2006) coupled to the economic model by reproducing the same policy
scenarios. Differential outcomes are predicted based on indicators of vulnerability combined
through a rule tree using CART (Stephen & Downing 2001). This methodology shows the
extension of IWRM to consider vulnerability and behavioural responses, core elements of
AWRM.
Although the question of economic losses seems to be straight-forward, it implies a complex
system of factors, parameters and methods not only from the economic sector. The notion of
risk plays an important role. From an engineer’s perspective risk is a product of probability
(of a disastrous event) and impact. From an economic point of view (negative) impact equals
loss. Damage evaluation requires a system that incorporates both the impact of damage and
the value of loss on land use units.
In the literature a number of approaches to estimate damage and loss are available. However,
there is no unified view on how to calculate loss and costs. This depends on the subject
matter. For example, in welfare economics the focus is rather on societal costs than on asset
loss, whereas a financial appraisal of an insurance company is directed to the calculation of
damage on assets.
If we assume voluntariness3 in the risk analysis, then we may want to consider individual
risk perspectives. These perspectives give way to an individual trade-off between risk and
benefit, depending on the goals and beliefs of an economic agent. In other words if natural
and socio-economic conditions permit voluntariness, every agent is free to choose either for
investing in protection from disasters or take the risk of damage.
The link between potential damage, stress and loss of economic goods is in the land use of
an agent. Land use implies:
1.

Spatial parameters such as size of the land and its exposure to hazard or stress;

2.
Land use type including their characteristics and functions (e.g. agriculture, industry,
infrastructure, residence).
The combination of the two characteristics with hydraulic parameters such as inundation
depth, flow velocity and the duration of the inundation gives way for a calculation of damage
and loss.
2.2.6

Bayesian analysis

In the Bayesian approach, objectivity does not exist in the context of measuring risk.
Moreover, risk may be pictured as both a way of expressing uncertainty, and as a collection
of perceptions. This means that risk should be considered to be a judgement rather than a fact
(Aven and Kristensen, 2005). In this approach probability is seen as an expression for the
state of knowledge that depends on the information and the knowledge of the individual who
assigns it. Therefore no universal and true probability exists. Slovic (2000) introduced the
concept of risk perception where social entities have an intuitive judgement of risk based
upon their limited and uncertain information. Kraus and Slovic (1988) introduce eight
different risk characteristics:
(1) voluntary versus involuntary risks;
(2) chronic versus catastrophic risks;
(3) certainly not fatal versus certainly fatal;

3

Determining characteristic within the psychometric paradigm defined as the freedom of
choice a person has to expose him or herself to a particular risk (Starr, 1969).
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(4) known to be exposed and not known to be exposed;
(5) immediate and delayed;
(6) known to science and not known to science;
(7) not controllable and controllable; and
(8) old and new.
Many of these characteristics tend to be highly correlated to each other. For example, a risk
that appears to be controllable is perceived as less threatening. In their Taxonomic Analysis
of Perceived Risk Slovic et al. (1984) have indicated that the entire range of characteristics
can be condensed to two (or three) higher order characteristics or factors. The two factors
dread risk and unknown risk can together be used as an indicator. Raaijmakers et al. (2007)
use the three higher order characteristics: awareness, worry and preparedness for a risk
analysis that combines the quantitative engineering approach of risk analysis with risk
perceptions in a spatial Multi-Criteria Analysis (SMCA).
In the SMCA of Raaijmakers et al. (2007) voluntariness is expressed as the trade-off
between risk and benefit, further represented as criteria in the analysis. However, as
mentioned above, voluntariness can be confined due to administrative or natural
circumstances. For example, most of the Dutch polders are below sea level, and must be
protected by a surrounding dyke. The choice is either to live there with the protection or lose
the entire physical basis of existence (without a dyke, for example). Only secondary
measures may be subject of discussion.
The Spanish Ebro delta is a counter example: the coast is threatened by frequent storm surge;
however, a general dyke along the sea shore is not an option. Here stakeholders might be
able to decide to take the risk, or participate in a land use change programme. The latter
example can be seen as a typical trade-off (Raaijmakers et al., 2007).
Regardless of many activities and approaches to cope with extreme floods during recent
years (Messner & Meyer, 2005) in the Tisza river basin (Section 5.2), flood risk assessments
have been traditionally weak in the areas of ‘soft flood (risk) mitigation and management’
involving public participation, legislation (enforcement), insurance packages, social
networks, education, integrating social and community based considerations and the use of
local knowledge. ‘Hard’ or technical factors of flood mitigation such as river embankment,
dikes and polders are still ranked highly on the agenda of water and flood managers.
Therefore it is challenging to incorporate soft kinds of knowledge sources and variables into
models, monitoring and planning systems to improve the non-technical part of flood
mitigation (Bankoff, 2004; Hunsberger et al., 2005). However, to see how knowledge on soft
flood risk measures has been elicited in the Tisza river basin see 5.2.7.
2.2.7

Agent-based modelling

A further methodological approach to dynamically modelling complex socio-ecological
systems suited to including risk, perceptions and imperfect information is called 'agent-based
modelling'. This uses different decision rules (which can include agent preferences,
perceptions and perspectives) for every stakeholder group/agent class in the model, and can
be derived on the basis of empirical observation. This differs from many economic
approaches, which may base starting assumptions about actor behaviour in economic theory
alone. Agent-based modelling enables the exploration of the effects of changes in the
institutional, social, environmental, economic and political context with respect to agent
preferences and interactions (including cognition, norms, beliefs and perceptions). Running a
model in order to project future outcomes on the basis of initial conditions can lead to
'emergent properties' or surprises in the evolution of the system. This is because such models
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cannot always be solved analytically, but must be iterated numerically. That is, any emergent
results cannot be explained by the individual agent rules or separate drivers alone, but are the
outcome of the complexity of the interactions of these rules and their feedback effects.
These emergent ‘surprises’ or new insights allow the formulation of new questions for
empirical work and the identification of possible gaps in the knowledge and understanding of
the domain and the drivers of the issue. However, the drawbacks of models which try to
capture complex social realties in their most reduced and abstract form is that they are
difficult to validate and therefore less likely to be used for prediction but rather for learning
about the characteristics and relationships between variables in the system and different
future scenarios (e.g. policy or climate related scenarios).
2.2.8

Application

By drawing out the differing levels of complexity, scientific understanding, and agent
differentiation in modelling and indicator approaches to vulnerability assessment, we can
better select the appropriate method for addressing a particular vulnerability question.
Indicators selected in the inductive sense can be used in cases of rapid vulnerability
assessment (Stephen and Downing, 2001) to more detailed comparative vulnerability
questions (Brooks et al, 2001). They are less helpful in regard to vulnerability reduction
questions as they are not necessarily related to the causes of vulnerability in the same way as
deduced indicators are (Tol and Yohe 2007, Blaikie et al. 1994), while neither indicator
approach captures ‘surprise’ or the emergence of new vulnerabilities which are difficult,
though critical, to plan for.
Aggregated models used in integrated assessment can also answer comparative vulnerability
questions at national to global scales. They are useful in, for example, assessing the
aggregate costs of a given vulnerability reduction policy, but lose information on the
distribution of vulnerability through aggregation.
Agent-based models can be used in policy assessment and exploration, in order to reduce
vulnerability (e.g. assessing the impact of a poverty reduction intervention), though as
mentioned, they are difficult to validate. The approach potentially captures surprise in the
form of how local properties propagate to a higher level (emergence) and thus potential new
vulnerabilities, though its data needs are the highest.
Model type

Indicator-based

Aggregated

Agent-Based Model

Data needs
(complexity)

Low

Medium

Scale

All scales

Hierarchy/multi-level: Local, multi-level,
local, regional,
cross-scale, institutional
national, global
scales

Understanding
of causal
relations
between state
variables

Inductive: statistical good, but assumptions good, surprise included
Deductive: causal
limit identification of and the emergence of
new vulnerability
surprise and new
vulnerability

Agent resolution Aggregated if
(differentiation) applied to social
units

aggregated
preferences

High

individual preferences

-9-

Model type
Use

Indicator-based

Aggregated

Inductive: rapid
comparative
assessment, detailed assessment, policy
comparative
inputs
vulnerability
assessment
Deductive:
vulnerability
reduction – social
evolution of a
system: ability to
respond to threat

Agent-Based Model
policy assessment,
exploration of path
dependence,
vulnerability reduction

Table 1 Summary of model characteristics

It should be noted that indicators used in current research (baseline vulnerability) are not
necessarily representative of future conditions: i.e. the structure of vulnerability changes.

Figure 1 The dynamic and transient nature of vulnerability.

3

Bridging the qualitative and the quantitative

In order to avoid the cross sectional snapshot analysis described as a disadvantage of some
static modelling approaches and to look at historical, long-term transitional, dynamic
vulnerability focussing on thresholds and changes over time we attempt to identify
‘matching methods’ (Kemp-Benedict and Bharwani, 2007) which bridge qualitative and
quantitative analyses in a useful way while also capturing the dynamic, spatial and temporal
aspects of risk as well as non-linear pathways.
If vulnerability, which is constantly in a state of change, is reduced to a static indicator, the
richness and complexity of the processes which create and maintain vulnerability (and
ultimately, adaptation or lack of it) over time is lost. However it is possible to look at
dynamic processes, transitional vulnerability, preferences, context, thresholds and changes
over time using appropriate methods of representation and analysis.
To achieve this it is important to identify what people themselves perceive as stressors, what
they feel they are vulnerable to and what this vulnerability means to them on a day to day
basis. This is necessary in order to fully understand how and why communities do or do not
adapt to perceived threats. These adaptation choices are made in a vulnerability context
which is complex and changing in a variety of unpredictable ways4. The success or failure of
these adaptation options will determine whether vulnerability is reduced or not but the

4

Techniques to elicit measures of vulnerability associated with water stress when little data is
available have been investigated by Buma et al. (2007).
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impacts of this at all levels are as difficult to determine as are the multiple and interacting
drivers of vulnerability.
3.1

Social learning and adaptation

Social learning has been identified as an essential requirement to develop and implement
integrated and adaptive management (Pahl-Wostl, 2007; Pahl-Wostl et al, 2007a). Social
learning refers to capacity of all stakeholders to deal with different interests and points of
view and to collectively manage resources in a sustainable way. Important are issues such as
the development of a shared problem definition and shared understanding of the physical
system at stake, perception issues and mental frames, negotiation processes and strategies,
and the quality of communication. Pahl-Wostl et al (2007a) identified as key processes of
social learning, framing, leadership, boundary setting (who is in, who is out, what is included
in the learning process) and the agreement on ground rules.
Learning can occur at three levels (Argyris, 1999; Pahl-Wostl et al 2007a; Pahl-Wostl,
2007):
Single loop learning – refine actions to improve performance without changing guiding
assumptions (e.g. increase height of dikes to improve flood protection).
Double loop learning – change frame of reference and guiding assumptions (e.g. increase
boundaries for flood management and encourage collaboration across national boundaries in
large river basins).
Triple loop learning – transformation of context to change factors that determine the frame
of reference. This kind of learning refers to transitions of the whole regime. Regarding the
IAD framework - action situations are located at the meta-constitutional level. However,
here the IAD framework may be too narrow to capture the richness of interacting processes
that happen in societal transitions (e.g. introduce new paradigm in flood management –
living with water instead of control of water; introduce new institutional settings that
integrate spatial planning and water management; combine floodplain restoration and flood
protection).
3.1.1 Multi-level process of social learning and societal change
Social learning and societal change are assumed to occur at three levels with different rates
(Figure 2):
–

At the level of processes between stakeholders in collaboration processes (days-weeks);

–

At the level of change in actor networks (months - years);

–

At the level of change in the governance regime and societal system (years - decades).
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…
Figure 2 Three level representation of multi-level social learning processes:

•
•
•

Level 1 (Micro): The multi-party collaboration process where representatives
from different stakeholder groups interact.
Level 2 (Meso): The actors in the water management regime consisting of
more or less organized stakeholder groups (authorities, associations) who may
partly engage in bilateral interactions.
Level 3 (Macro): The governance and societal structural conditions which are
characterized by cultural values, governance regime or power structures.

It is noted that these are not directly analogous to geographical scales and hence the
distinction between level and scale. In some contexts such as the transboundary cases in
NeWater, macro levels of governance span international boundaries (e.g. ORASECOM).
An analysis of social learning processes is thus based on answering the following kinds of
questions:
•
•
•
•
•

Which factors in the context influence multi-party processes and how?
Which are essential elements within multi-party processes that affect social
learning?
What kind of relational practices support social learning?
What kind of outcomes are expected and how can they be measured and what
do they tell us about supposed underlying learning processes?
Under which conditions and how does learning in multi-party processes feed
back on the context?

3.1.2 Learning cycle and informal actor networks
Processes of learning and innovation have often occurred outside and independently of
formalized management processes. Particularly in early stages of change, the formation of
informal networks seems to be essential. The importance of such adaptive networks
(Nooteboom 2006) or shadow networks (Olsson et al. 2006) has been documented with
empirical evidence. Sometimes windows of opportunity emerge where innovative ideas feed
back into policy and management processes. The concept of adaptive management as
promoted in NeWater strongly suggests that learning processes should become an integral
part of any management regime and should be included in the design of adaptive policies as
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an important adaptation strategy rather than emerging by chance. This is indicated in Figure
3.

Figure 3 Learning processes linked to policy cycle (Pahl-Wostl, 2007b)

This “double-loop” diagram does not exclude learning in the formal policy and management
cycles. Nor does it assume that there must be always a complete separation of formal
management and learning cycles. However, much of the learning going on within formal
management would not qualify as learning as defined by the right hand side of the double
loop.
When does a cycle qualify to be called a “learning cycle”?
1. It must be an informal network of actors with regular meetings. Informal implies that
rules for the group (boundaries – who is involved and what is included in the
analysis open; leadership is allowed to emerge; rules on how the group operates are
negotiable etc.) are not formally prescribed and that the mandate is open and the
results not formally binding.
2. It is an issue specific network and activities - formed to deal with a specific problem.
3. It has a clear objective to find alternative solutions to a problem and is open and
willing to explicitly experiment with a range of alternatives approaches.
4. It qualifies as a community of practice (in the sense of Wenger) with joint and
shared practices and tangible products.
Learning cycles may be introduced at the level of measures as part of operational adaptive
management, to test new approaches where significant uncertainties prevail, for example, the
introduction of water trading or decentralized technologies at the household level. Often new
approaches may require major transitions. This may be realized during the implementation of
innovative measures when structural barriers are encountered (e.g. rigid legislation,
prevailing habits of consumers, dominant technologies) or even in an anticipatory fashion at
an early planning stage. It will be a major challenge to implement learning cycles that, on
one hand, have the required degree of freedom and sufficient resources (time, money) to
succeed in a reframing of problems and solutions and developing innovative approaches. On
the other hand, such learning processes should be linked to formalized policy and
management processes to ensure that new approaches developed also lead to a greater
change.
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3.2

Learning and Adapting to Socio-Environmental Realities (LASER)
Framework for Water Management

This dynamic framework is intended to provide guidance towards achieving reductions in
poverty, inequality and the related phenomenon of ill-health through better water
management. In this context poverty is seen as deprivation of capabilities or opportunities
rather than merely as lowness of income. This enables us to recognise water management
activities as an important aspect of poverty reduction and as an important element in
people’s capabilities. It also provides a comprehensive conceptualisation of inequality
including that of gender, and health issues in water management.
For example, having access to drinking water is considered as an important element in the
capability set of a person as it enhances his/her opportunities to survive and achieve basic
sanitation requirements. Having access to water for livelihoods further enhances the
capability of reducing poverty and increasing well-being. On the other hand, a capability to
reduce the risk of being exposed to floods or polluted water may help a person to achieve a
lower level of ill-being resulting from water related hazards. Thus we can assume that the
larger the capability set of a person, the greater is the choice he/she will have in achieving an
increase in water-related well-beings.
As presented in Figure 1, we may identify these well-beings as water for survival (WS),
water for hygiene and sanitary arrangements (WH) and water for livelihoods (WL).
Similarly, a larger capability set may also help in achieving a reduction in ill-beings from
floods or excess of water (EW), drought or scarcity of water (SW) and polluted water (PW).
Water for ecosystem is also an important element in both increasing well-being and reducing
the ill-beings. It is important to note that well-being achieved from water may also enhance
other types of intangible well-beings like aesthetic well-beings, if one can grow flowers in
her garden with the use of water, or enhance spiritual well-being from having secure and
clean water needed for worship in certain religious traditions. On the other hand, ill-beings
from water may also impact on other ill-beings like not being able to continue one’s
education due to decrease in income as a result of flood affected crop loss, or an increase in
gender based violence during or in the aftermath of hazards like a severe hurricane or floods.

Figure 4 LASER Framework

- 14 -

The process of transition from capability (opportunity or potential functioning) to
achievement (or achieved functioning) reveals people’s choice regarding a particular
opportunity. This choice may be informed by their adaptive preferences as very often
individuals tend to adapt to the conditions and constraints of their lives in making decisions
on what they do or do not do. In a situation of absolute poverty and vulnerability, adaptive
preferences may be conceived as being narrow and constrictive. On the other hand,
expansion of capabilities may also contribute to expanding the scope for adaptation. It is
important to note that capabilities are also inter-linked and may result in coupling of
advantages or disadvantages in adaptation and achievement of well-being.
For example, increase in the availability of irrigation water (in itself a generation of
capability) may result in different achievements for different people depending on their
overall capability set. Individuals with greater capability of income (to pay for the water),
land (to use the irrigation water), technology (equipments needed to irrigate land) and labour
power (to undertake the tasks of irrigating) may tend to achieve greater well-beings from this
intervention. Others who do not have any of these capabilities or have them in insufficient
amount may not be able to take advantage of this intervention and can effectively remain
excluded.
In another example, a flood warning (i.e., a generation of capability in terms of creating
opportunities for people to take decisions) may result in different responses from different
individuals depending on their capability set. Capabilities of having access to transport to
evacuate, access to property security and insurance, physical ability to move, particularly
having handicaps such as age, disability or illness, or social norms on taking refuge in a
public shelter particularly for women, will result in different achievements. Thus it seems
plausible to argue that capability for adaptation is essentially a constitutive element of overall
capability. Understanding the nature of adaptation therefore needs analyses of the nature and
composition of overall capabilities, namely, what is included in it and what is excluded from
it, at the disposal of individuals and communities in a given circumstances.
In a dynamic sense, adaptation is not only influenced by overall capabilities but in turn also
influences them: a successful adaptation may have an enhancing effect on the other
capabilities while a failed adaptation may result in further diminishing them. This is
presented by the dotted line connecting achieved well-beings and ill-beings to the resource
base indicating dynamic processes at work.
Capabilities may be viewed as resources, i.e., incomes, entitlements, market and non-market
goods and services and so on. But what use people can make of a given bundle of resources
will often depend on a number of contingent circumstances. It may depend on factors like
personal heterogeneities, social and political institutional norms and rules, policies and
practices, market structure, and environmental diversities, among others. These are the
conversion factors and are crucial in a process through which incomes and resources are
converted into capabilities or opportunities.
For example, to make use of a piece of land for cultivation, one may need to be a member of
a local irrigation group that may have certain criteria on members’ personal characteristics,
i.e., being educated, or adult or male, or being member of a particular political party, or
having land with certain physical characteristics of being located in upstream or downstream
or in proximity to the irrigation facilities that are on offer and so on.
As Figure 4 shows, the pathways from resources (or means to achieve) to capabilities
(freedom to achieve) to achievement (adaptation) leading to well-being is a dynamic one.
Intervention in one element can set in motion a positive or negative trend that may tend to
offset each other with equal strength producing no visible enhancement or reduction in wellbeing or ill-being respectively. It may also produce and sustain a positive trend whereby
enhancement in well-being is reproduced through enhancement of resources and capabilities
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to produce a greater level of well being to continue until a shock intervenes to change this
trend.
On the contrary, a failure to reduce vulnerability to hazards may set a negative trend
whereby a reduction in well-being is reproduced through further decline in resources and
capabilities to produce an even greater level of ill-being until a positive intervention is made
to discontinue the trend.
The challenge for adaptive water management is to produce and sustain a process of
adaptation that will enhance well-being, reduce ill-being and on balance produce a net gain
in overall well-being that people may derive from water.

4

Discussion

Static indicators have a place in the initial stages of analysis where we would like to identify
hot spots at a macro level for further research. However, the predictive power of the causal
factors of particular development pathways is limited as there is the assumption that the
chosen set of indicators is an adequate explanation of the drivers of change in the system
even when tested under different pathways and scenarios. However, as we are dealing with
complex systems (where there are numerous unpredictable drivers) and uncertainty (which
includes climate change), this is not sufficient. Further, we are interested in new and
emerging vulnerabilities which we may not currently be aware of and indicators (and other
types of analysis) do not allow for the exploratory analysis of unknown or unforeseen
factors. As is often the case with vulnerability research, we may not be asking the right
questions at the beginning of the analysis, and as new questions emerge we should allow for
this flexibility.
While the use of indicators may be efficient for a rapid identification of vulnerable regions
one must recognize the limitations of extrapolating such indicators using socio-economic
scenarios since the relationships between social variables are often poorly understood and
the structure of vulnerability changes – thus, so does the causality, but the structure of
indices do not. As a result one must also remain open as to whether or not hot-spots
identified at a macro-level are vulnerable at a micro-level, and if so, whether the cause of the
vulnerability is the same as what one assigns to the indicators used for macro-level analysis.
A synergy between these two levels of analysis may be beneficial.
The issue of how relevant indicators remain over time has been addressed in the insurance
industry where thresholds have changed and therefore indicators have also had to be made
more up to date. This issue of updating is further demonstrated by the Retail Price Index.
This is used as a measure of inflation within financial systems, and has been robustly applied
for some 60 years, dealing with system dynamics through repeated measures and updating
of base year values. Another example of this is further provided by the methodology used in
the construction of indices of financial share values, as quoted daily on international stock
markets, which also use a composite index approach. The annually generated UNDP Human
Development Index is a weighted composite index, again suggesting that for purposes of
policy making, what may here be described as static index approaches, are nevertheless well
accepted and widely used. It is important to recognise and acknowledge that one of the
reasons for this wide use of static approaches is that they can be simply calculated and easily
demonstrated and understood by a wide range of stakeholders.
Ultimately the choice of method (static, conceptual, dynamic, or model driven) depends on
the research question, required outcome and target audience. Thus, different methods may be
desirable at different stages of the analysis. The following section will discuss the
application of a range of methods in varied contexts, with differing research requirements.
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5

NeWater Case Studies

This section will show the application of the methods described in Section 2, and others, to a
variety of contexts to achieve differing objectives. The conditions of applicability of each
method will become clearer with the aid of case-based examples using methods ranging from
indicators through to systems dynamics and agent-based models in addition to some
‘matching methods’ to bridge qualitative and quantitative data such as conceptual modelling
and methods of knowledge elicitation.
5.1
5.1.1

Orange Basin
Mapping hotspots of vulnerability in the Orange Basin.

In an attempt to demonstrate the value of composite indices as a tool for vulnerability
assessment, a new approach to measure water vulnerability has been developed and is
currently being tested in the South African part of the Orange Basin. The vast majority of
this basin falls within the national territory of South Africa, and this work illustrates the
benefit of such an approach though the application of a composite index approach using
existing data. Here the aspects of water vulnerability are divided into vulnerability of water
systems and vulnerability of water users, and both of these are then combined to provide an
overall value (Sullivan et al., 2008).
In this approach, the various components of water system and water user vulnerability are
illustrated in Figure 5, which gives a hypothetical example. This approach is currently being
assessed at the municipal scale across all parts of the Orange Basin in South Africa, and this
information will be used to generate a spatially distributed set of values for 178
municipalities.
Vulnerability of Water Systems

Vulnerability of Water Users

(norm alised scores, 1-100)

(norm alis ed s cores , 1-100)

100

100

Income

Vegetative
cover

80

Priority
group

60
40
20

60
40

Volume of
use

Evaporation

20

Area A

0

0
Area A
Area B

Value
Added

Rainfall

80

Area B

Soil
erodability/
erosivity
Variability

Direct from
source

Reticulation
and Storage

Water
Vulnerability
Index

WVI Area A 49.95
WVI Area B 45.15
Figure 5 Water Vulnerability Assessment

Once the data has been collected, and the current values for the Water Vulnerability Index
have been calculated, scenarios which are currently being established in consultation with
stakeholders will be applied to evaluate which areas are most likely to be liable to increased
risks of water vulnerability in the future. On this basis, the factors giving rise to increased
vulnerability in those locations will be examined. For example, from Figure 5, it can be seen
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that overall, Area A has a higher degree of water vulnerability than Area B, and this is
mostly due to the fact that there are a high number of water users in the historically
disenfranchised group (reflected in a high score on the priority group scale), and also there is
a high degree of vulnerability reflected in the high number of low income earners in that
area.
5.1.2

Integrating dynamic vulnerability into local water management: the case of the
Lesotho Highlands

In seeking to situate the vulnerability of local communities in Lesotho within the wider
framing of dynamic vulnerability and adaptive management theory, we have conducted an
analysis of local users of ecosystems services and institutional bridges and barriers for the
preservation of wetlands areas. Introducing an incentivised scheme that encourages local
conservation and management of the wetlands has been proposed in an attempt to combat
ongoing wetlands degradation. The Highland communities utilising ecosystems services
illustrate complex aspects of social vulnerability, particularly as it has changed over time in
ecological, institutional and economic terms. The dynamic vulnerability and resilience of
socio-ecological systems are explored in the case of Ha Tsiu, a village in the Mohale Dam
catchment area of the Lesotho highlands. This is done using the six attributes of vulnerability
mentioned in Section 1. The method applies a holistic perspective to try and address the
complexity and uncertainty inherent in such systems and the potential pathways of
transitions to resilience and sustainability or to decline and degradation.
Heterogeneous groups of actors exposed to multiple stresses are evident in the case of Ha
Tsiu. While these communities are constantly responding to changes in their environment,
the causes and impacts of these stresses must be understood in order to facilitate learning
among individuals and actors at various levels to enable a transition to alternative decision
pathways i.e. changes not just at the individual or group level, but at the district level.
It is important not only to explore how dependent local livelihoods are on ecological services
provided by the wetlands, but also to assess how vulnerable they are to the complex
combination of stresses that they deal with on a daily basis. Current analysis within the
NeWater project shows that water management cannot take a sectoral, single stressor
approach without the danger of perpetuating or even exacerbating a range of existing
problems, but rather needs to be integrated and adaptive to address the multiple and complex
changing stresses that are faced daily. The success and sustainability of such intervention
measures will be contingent on a full understanding of the root causes of vulnerability and
the potential impact that different development pathways may have on this vulnerability at
other levels. Will social and ecological vulnerability be reduced or will new vulnerabilities
emerge? Will there be ‘surprises’ which certain interventions cannot account for and are
contingency plans in place for this? Are thresholds of vulnerability and resilience different at
different scales of analysis and will an intervention at one level cause unexpected results at
another?
For example, the decreasing density of fuel wood sources in the Lesotho highlands results in
spatially distributed vulnerability that reduces the security of livelihoods of the local
community who are simultaneously trying to cope with the cumulative impacts of many
other stressors they have been experiencing over many years. This includes degraded grazing
land, the loss of natural materials for building and craft making (and pressure on grasses as
alternative fuel sources) and the health impacts of HIV/Aids to name just a few. The ‘legacy
effects’ of these gradual stressors combined with relatively sudden ‘shocks’ to the system,
such as the construction of the dam, produce a vulnerability context which is difficult to plan
for. The complex nature of this dynamic vulnerability (which includes shocks and stresses or
slow and rapid change) also interacts at different temporal, spatial and institutional scales
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and this needs to be fully appreciated to develop a more responsive coping cycle (Liu et al.,
2007) which is both resilient and sustainable.
5.1.3

Institutional setting - vulnerability at different scales

As part of the possibility of developing a motivation and framework for incentive-based
wetlands management, an analysis of the institutional setting in water and rangeland
management has been undertaken. The connection between rangelands and wetlands is noted
because livestock grazing is seen as a principle source of wetlands degradation. Interviews
have been carried out with key experts in government at the local and district level, including
wetlands and rangeland managers and local resource users. These interviews provide insights
into the perceptions of problems by relevant actors regarding wetlands resource use, as well
as identifying possible institutional and culture barriers to adaptation strategies regarding
wetlands management. This data has been represented in the Ostrom IAD framework
(Ostrom 2005). This permits an analysis of the generic characteristics of the institutional
regime affecting adaptability to changes in the ecological system. Additionally, an analysis
of rules governing decisions and the capacity for decision-making regarding resource use
provides a further insight into the vulnerability of groups and households in the Lesotho
highlands.

Resilient livelihoods are more likely if local adaptive capacity supported by institutional
structures has emerged by recognising the multiple attributes of vulnerability (e.g. declining
grazing areas, fuel wood sources and seasonal availability of cow dung) of the heterogeneous
groups at risk (e.g. herders, households, elderly) and the modification of existing knowledge
and traditional adaptation mechanisms (such as the extended Maboella period or ‘closing
off’ wood sites), due to locally recognised priorities. Thus, the notion of system-level
adaptive capacity as an emergent attribute of lower order vulnerability needs to be identified,
supported and reinforced (Downing et al., 2006). For example, in response to the lack of fuel
sources the Local Natural Resources Council occasionally ‘closes off’ the nearby wooded
area for a few months a year to allow for the regeneration of trees and additionally 850 tree
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seedlings have been provided for a communal fuel lot. This has been explored further by
Bharwani et al. (2007).
5.1.4

Discussion

Cattle herding plays an important role within Basotho culture, as an instrument of social
identity, as well as in day-to-day production and in job creation in Highland communities.
Thus, despite the increasing levels of stock theft it is still an important part of Basotho
society. Not only is it a source of income but cattle owners are providing jobs in the
community, and creating livelihoods for future generations. The cattle owning community is
continuously expanded by the system of paying herd-boys with cattle or sheep at the end of
the year, so that they can then start their own herd the following year, and by giving adult
males cattle when they get married so that they can support their own families. Furthermore,
people can sell the animals and their products (e.g. wool, mohair, meat, milk) and services
(e.g. ploughing) for cash. Thus, not only do livestock play a key role in the long-term
economy of the community but the social and cultural value that is placed on them and their
involvement in different areas of daily life is difficult to measure. Therefore, even if
alternative sources of income became available, such as payments for environmental
conservation and water management, it seems plausible that people would still keep some
animals for the additional income, security and status they provide. Interventions (e.g.
wetlands management which may include destocking programmes) that would have an
impact on this asset base would affect many other areas of life, both directly and indirectly.
This impact may be overlooked if one takes a sectoral or snapshot analysis of the
vulnerability of the community. Without a full understanding of the structure of the
relationships between different areas of life (the structure of vulnerability), the root causes
of the vulnerability (multiple stresses) may be misdiagnosed and therefore planned
interventions may not have the positive impact that was intended.
5.2

Tisza Flood Management and preparedness

In Central European river basins, increasing frequency and extreme discharges of floods
during the last 50–100 years, particularly looking at the flood occurrence of the last decade
(Fig. 4), produce a high and often underestimated vulnerability of the population living along
the rivers. It is necessary in many cases to develop a transboundary or at least cross-federal
framework for the assessment of flood vulnerability and flood preparedness in EU bordering
regions, in this case Hungary and the Ukraine.
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Figure 6 Occurrence of heavy floods during the last decade in European River Basins (data source:
EEA Technical Report 2/2007).

5.2.1

Causality and Systems Dynamic models

Following a participatory approach, different stakeholder meetings in both the Hungarian
and Ukrainian basins gave an idea of the most pressing components of flood (risk)
management. Among them: (i) an increased risk of extreme flooding due to flood frequency
as well as enormous discharges during the last 100 years; and (ii) the need of an improved
local preparedness and information management in order to enhance the local response
capacity and to reduce the communities’ and inhabitants’ vulnerability were highlighted. Set
against this background we present ideas on procedures, model components and a
methodological design to conceptualise and assess flood vulnerability and, in doing so, to
increase the adaptive capacity of the local households and communities. The approach is
mainly based on novel findings from social learning processes and the development of
decision making models based on actors experience and behaviour (Pahl-Wostl, 2006).
The conceptual model presented in the following incorporates indicators such as
preparedness, risk awareness and information on increasing flood frequency and discharge.
Among them, the major item is the information on floods: its accessibility and availability.
The major objectives of the mental modelling approach are first to demonstrate how to elicit
local and expert knowledge and second, how to incorporate this knowledge into a causalfeedback-model on autochthon capacities of a prototype household (in the community
context) to cope with floods.
5.2.2

Understanding of flood vulnerability

The model approach conceptualises flood vulnerability (V), as being a function of exposure
(E), sensitivity (S) and adaptive capacity (AC) of a unit (u; group), at time t and
parcel/location i (equation (1) according to Metzger et al. (2006). Further, potential impacts
(PI; floods and flood related features) are a function of exposure and sensitivity (equation
(2)) and thus potential impacts and adaptive capacity in form of preparedness (equation (3)).
At local level, the affected units are households (h) and communities (c). They are central in
the conceptual models to be built and represent the main exposure units in the river basin of
the Tisza (Haase & Bohn, 2007).

Vc / h (u , i, t ) = f ( Ec / h (u , i, t ), S c / h (u , i, t ), ACc / h (u , i, t ))

(1)
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PI c / h (u , i, t ) = f ( Ec / h (u , i, t ), S c / h (u , i, t ))

(2)

Vc / h (u , i, t ) = f ( PI c / h (u , i, t ), ACc / h (u , i, t ))

(3)

After defining the link between flood vulnerability as an indicator variable and the adaptive
capacity represented by flood preparedness and information, we have to conceptualise both
these items.
The authors hypothesise that flood preparedness, local knowledge, information accessibility
and system understandings are clues to approach non-technical flood mitigation and damage
reduction (aggregated to the variable AC). To conceptualise the model and assess flood
preparedness at a local level, mental and participatory conceptual models (CM) were
developed (Figure 7). Empirical evidence is gathered using a participatory approach to elicit
the respective knowledge concerning the context (E, S) and local mechanisms of control and
protection (AC) which are determinants of the system (Curtis, 2005). Mechanisms of public
and stakeholder involvement vary according to Arnstein (1969) from simple information
(websites, newsletters, exhibitions), overseeing public or stakeholders input (surveys,
interviews, mental models) to information exchange and interaction (public meetings, focus
group, workshops). Their application depends on the purpose and the specific objectives of
the project or the planning process (Figure 7).

Figure 7 Role and elicitation of local knowledge on flood information, preparedness and risk at
community and household level.

In this approach, stakeholders and local experts are asked within focus group rounds to name
main variables of flood preparedness and management, to group them into semantically
contiguous clusters, and most importantly, to draw arrows with positive and negative
feedback linkages between them (Figure 8). The group model building sessions are
moderated by scientists and local trainers (Hare et al., 2003).

Figure 8 Working in focus groups on the conceptual flood preparedness model using local experience
and expert knowledge (left side: mental model elicited with the method of constructed brainstorming
and the hexagonal cards method according to Hodgson, 1992).
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5.2.3

Data requirements and empirical evidence for the conceptual model

In addition to the participatory development of mental concept models specifically for the
formulation of the model variables, flood preparedness and information related data
extracted from questionnaire surveys (carried out in the FLOODsite project) was transferred
into a variable list (Table 2). The main objective of this survey was to compile knowledge on
social resilience (the ability of given communities or groups to cope with external stresses
and disturbances as a result of social, political and environmental change; Adger, 2000) after
extreme floods. All the variables listed in Table 2 are related to the issues of flood
preparedness and information accessibility. According to the number of respondents that
answered, the weighted importance and the specific (positive or negative) feedback was
determined.
Local data has also been provided by research on flood loss and responsibilities in the
Hungarian Tisza valley (Table 2; Linnerooth-Bayer & Vári, 2003). They permit a ranking of
inhabitants’ opinions on the responsibility for compensation measures and thus, indirectly,
the responsibility for flood preparedness. Further, the concept models require input data from
existing hydrodynamic inundation models (exposure data such as water level, inundation
area), regional management strategies (plans, strategies, information flows, and insurances)
and responsibility schemes of both households and communities.
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Table 2 Input data I: Data for the variable set concerning local perception, knowledge and
information using the example of a community in the Mulde basin, Germany, which was heavily
affected by the Elbe flood 2002 (Hagemeier, 2004).
variable
form
code
sicher1
num
hwmulde2 string
ursache1
ursache3
ursache4
ursache7
aussage1
aussage2
aussage5
aussage8
aussag10
aussag12
betroff1
wasser1

num
num
num
num
num
num
num
num
num
num
num
num

wasser2
info1
info2e

num
string
num

info3
evak2b
evak3
evak4

num
num
num
num

expression, meaning

preparedness

damage

information,
warning

safety feeling before 2002 flood
information about historical floods

83%

weather conditions/precipitation
stream developments
Too few flooding areas
other causes of floods
floods are natural processes
made by humans
due to misbehaviour of citizens
result of wrong planning
due to failure of politics
simply blow of fate
affected by floods
water level in the cellar/basement
(cm)
water level on the ground floor (cm)
availability of flood warning
verbal warning by
friends/neighbours
warning early enough/in time
fire brigade/police
leaving home
coming back after … days

84%
60%
62%
inappropriate use and commercialisation of dams
40%
65%
36%
37%
35%
42%
91%
~ 167cm

63% experience
75% narratives

~ 40cm
some hours before – contradictory information
majority
no
83% informed
92%
8 days

Table 3 Input data II: What are the main negative consequences of floods in Hungary? (according to
Vári et al., 2003).
Positive answers (%)
Homes, summer houses and property are damaged
Farming activities become impossible
People are distressed and often become ill
Roads, utilities, and public buildings are damaged
Pollution is spread by flood waters
The ecosystem becomes unbalanced
The income from farming activities becomes highly uncertain
Property values decrease in the endangered areas
Tourism is decreasing

5.2.4

58
45
45
40
37
31
25
12
4

Conceptual model to make flood preparedness at household level operable

The major model components comprise of (1) flood exposure, (2) resulting flood damages,
(3) a more short term and event related coping capacity, (4) a more long term oriented
adaptive capacity that influence (5) overall community (household) welfare. Because the
model focuses on the soft measures of flood mitigation, technical prevention is, although not
excluded, not reflected in detail in the model. The overall model provides evidence that the
opportunities for adaptive capacity in the soft measure area are manifold and promise
alternative approaches to technical solutions. The purpose of the following model exercises
and (quantitative) sub-models will be to test costs, effectiveness and benefits of various
“soft” paths compared to an increase of efforts in technical flood prevention (Haase & Bohn,
2007; Figure 9 and Figure 10). Furthermore, to be seen as a future goal, climate change and
scenarios of increasing stream flows and flood frequencies will be incorporated into the
model (in the exposure component) to test the “soft” or alternative approaches for such
extreme situations.

- 24 -

Coping Ability
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Figure 9 Causal-Loop-Diagram of a conceptual model of flood preparedness that links coping ability
(short-term measure in the case of a hazard event) and adaptive capacity (long-term preparedness).
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Figure 10 Causal-Loop-Diagram that provides a more detailed picture on the ”soft path” of long-term
flood preparedness and adaptation.
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5.2.5

Further variables identified and to be incorporated in the models

Additional variables to further feed the Causal-Loop-Diagram have been discussed during
the group session. Some of them will be incorporated into the models since they are felt to be
crucial by the stakeholders. Others will serve as complementary information.
•

Spatial units (city, community or municipality).

•

Soft variables: budget for monitoring, insurance, available state funds, education
programmes, personal information capabilities (e.g. internet), risk awareness,
preparation for floods, social networks.

•

Carrier of the soft path way: EU-funded projects at Universities, NGOs, leaflets and
booklet distribution in schools (a positive effect was proven by the local
communities).

•

Insurance and enforcement of legislation: national and individual insurance
packages). After the last flood in 2001 99% of the houses were rebuilt at higher
ground level (raised foundations of 30-40cm).

•

Education in form of booklets, leaflets or public information through schools and the
Church. In addition specific information for different audiences (target group) was
required, e.g. Mayors, schools, evening schools, television or radio broadcasts.

•

Risk awareness: Do people know that they are living in a floodplain? People who
were flooded know about the risk, but perhaps people who are “new” in the
floodplain area do not. Flood risk maps are not yet developed (information under
development). Risk awareness is a function of being flooded or not, and perceived
level of risk (high/low). Historical maps exist however, and professionals know
about past flood frequency. This is an example of a variable which operates at
different time scales: short term (event): awareness that a flood is coming, and long
term (general): awareness about the risk of living in a floodplain.

•

Land Use: Destroyed houses were rebuilt (no alternative) and new houses are built.
Recently we observe an extreme land pressure in the valleys: individual housing and
recreation resorts are created. Consequent land abandonment occurs in the
mountains due to a lack of income-generating alternatives (e.g. lack of suitable
ground and good soil quality in the floodplains in contrast, etc). The national
statistics state depopulation since 1990 of about 20-25%.

•

Technical flood prevention: System of monitoring stations (35) improved after 1998.
1 hydrological station costs about 12,000€ + 10,000€ installation. Since 1998, the
national program of technical flood prevention has been better financed and has
reduced damages in 2001 compared to 1998. Cascade of polders in the mountains
are foreseen but seriously discussed with the local people for smoothing the flood
wave peaks (their arable land would be used for this).

•

No zoning plans for flood risk available: also new land uses and value allocation in
the valleys cannot be adapted to floods due to missing flood risk zoning.

•

Deficiencies of the current flood forecasting and monitoring system: more automatic
stations are necessary, and measurement quality is improvable

•

There is a need for reliable simple rainfall-runoff models and more qualified staff
(hydrologists) as well as reliable meteorological forecast (5 day precipitation /
temperature). The integration of weather forecast data into hydrological modelling is
needed but in most cases gauging stations are measuring water level not discharge,
and discharge must be derived by using Q-H-curves which produces additional
uncertainty.
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•

Information flow deficits: Who informs people - the state, regional heads or those of
the villages? It appears that the information of received by every household via TV
or radio broadcasts is indispensable.

As a first result of several stakeholder workshops and respective focus group sessions in the
Tisza basin the first (mental) concept model on flood risk preparedness at household level
gives an idea of how to “operationalise” the indicator of adaptive capacity (AC). Causalfeedback-loops have been created to link different variables named by the stakeholders and,
what is more, to structure the system. The prototype model assumes that specifically risk
awareness, sense of personal responsibility (both for household budget) and social
networking (+) cover parts of the citizen’s and household capacity to cope with floods. The
variable of “insurance” hardly depends on information and therefore based awareness on a
coming flood (Figure 9 and Figure 10). Thus, education (school, adult education),
information cycle and social capital (of establishing networks) are the main clues when
thinking about how to reduce flood damage at household or individual level, regardless of
any technical risk management or improvement. The current model does not include any
variables not mentioned by the local experts or stakeholders. Only the causal-feedback-loops
and their representation by empirical data are developed and realized by the scientific
partners (Haase & Bohn, 2007).
5.2.6

Discussion

The approach presented here to elicit and thus mobilise local (stakeholder and expert)
knowledge at a household or community level aims at enhancing the coping capacity and to
reduce flood vulnerability. Participatory sessions as well as the incorporation of social
questionnaire survey data brought out considerable insights into what the main variables to
cope non-technically with floods at local level are, and what is more, how to make the
indicator of “adaptive capacity” (AC) operable. The experiences in both the Mulde and the
Tisza River basin proved that participatory approaches are effective and valuable tools to
systematically record and structure local knowledge. They support efforts to gather
information concerning the potential for adaptive capacity outside the natural science based
technical sphere. Simultaneously, the results of conceptual modelling exercises could shed
light on deficiencies and consequences due to not being informed, not being prepared and the
fact that knowledge is not available or accessible. For scientists interested in getting deeper
into the local networks and trying to explore “how a system works” CM sessions also offer a
way to elicit local but potentially tacit knowledge. Additionally, such group model building
exercises constitute an excellent basis to start processes like capacity building or social
learning by e.g. building up trust among the stakeholders and scientists or creating a shared
understanding about the behaviour of the system under consideration. What is more, the
group model building created awareness of the perception and ideas of flood preparedness
“across the Hungarian-Ukrainian border” among the stakeholders (Haase & Bohn, 2007).
The first implementation of the CM gave us an idea of baseline vulnerability, differential
exposure, attributes and multiple stresses and the nature of the relationships between these
variables (the feedbacks), an idea of how to integrate socio-economic empirical data into the
models and shed light on how to translate non-numeric survey data into quantifiable
variables. The next steps include the coupling of the CM feedback-loops with time series of
water levels and inundation areas to initiate the model with a certain exposure to explore the
dynamic vulnerability of the communities living in the floodplains. Additional interviews are
also be carried out to structure and elicit knowledge on decision making processes at an
administrative level which is more relevant for the community preparedness and information
level (Section 5.2.7). Finally, all causal-feedback-loops have to be quantified and the model
prepared for first test runs to picture adaptive capacities of households and municipalities
along the Tisza River.
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5.2.7

Tools for Knowledge Elicitation (KnETs)

Identifying the decision criteria which motivate human behaviour is fundamental to
understanding decision-making processes and actions that shape our landscape and its
environmental resources (Bharwani, 2006). Often we are confronted with multiple reasons
for land use decisions of multiple actors that have a stake on one or more resources (e.g.
land, water resources, soil fertility etc.). However, sometimes these reasons are not clear,
they are difficult to elicit or the knowledge held by stakeholders is tacit (Bharwani, 2006)
That is, problems of understanding the motivation for behaviour can arise because people do
not recognize that they have knowledge (though this informs their decision) and therefore
they rarely communicate it. People find it hard to give descriptions of their knowledge and
how it is used because much knowledge has been learnt through observation and experience,
and is understood, but is not generally expressed. Although people identified for interview
may be ‘experts’, it is unlikely that they have previously been required to describe their
knowledge and decision-making procedures. Familiarity with the domain can allow the
researcher to access local knowledge, but ‘matching methods’ (Kemp-Benedict and
Bharwani, 2006), which incorporate ethnographic techniques combined with computer-aided
tools are powerful in bridging this qualitative local expert knowledge with a more formal
representation in order to verify and validate it (Bharwani, 2006). Furthermore, they allow
the researcher to broach the realm of tacit knowledge.
The participatory Knowledge Elicitation Tools (KnETs) represent a new and reproducible
way to formalise local socio-environmental knowledge while exploring future scenarios
during interviews. KnETs can be understood as departure from classical empirical tools for
social science research with a more structured interview method and a more interactive and
flexible survey, which results in a ‘game’. However, this does not replace the exploratory,
open-ended and often less structured exploratory phase of social science research. The
KnETs process supports stakeholder-led research by providing a more formal approach, with
iterative stakeholder engagement and feedback, the results of which can then be used as
input data for the rule-based logic of agent-based models (ABM). KnETs allows the
exploration of dynamic vulnerability by focussing on the multiple stressors that differential
exposure groups are subject to, and explores how these stressors influence different decisionmaking pathways over time by overlaying these with scenario analysis.
Following ethnographic guidelines, the questions in the game are derived from an
understanding of the informants’ own world-views (emic viewpoint), rather than imposed on
them from a scientific/outsiders’ conceptual (mis)framing (etic viewpoint) (Spradley, 1979;
Ellen, 1984). Data is then collected during a phase of ‘gaming’ with a ‘training’ set of
respondents to produce a set of decision tress. These heuristics are presented to the same
stakeholder groups in an iterative process to verify the decision rules, to access tacit
knowledge where there are inaccuracies and fill any remaining gaps in the knowledge base.
Finally, another phase is conducted with a ‘testing’ group of respondents with the same
profile as the original stakeholders to validate the quality and robustness of the rules
produced and to assess the representativeness of these decision rules for this profile of
stakeholders, with the acknowledgement that this is simply our understanding of their
decision making processes (Bharwani, 2006).
The following application of the KnETs game methodology allows insights into the criteria
and thresholds of decision making by municipal representatives pro or contra soft mitigation
decision pathways in flood risk management in the Ukrainian Tisza valley. The resulting
decision rules shed light on what knowledge is used for decision making and how different
criteria are weighted in these choices.
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Figure 11 The Knowledge Elicitation (KnETs) process.

The 4-stage participatory knowledge elicitation process involves interviews to identify
salient aspects of decision-making, which includes identifying different exposure units, their
context-specific goals, the multiple stressors which drive or constrain decisions (climate (low
to high precipitation), personal awareness and economy (existence of state funds,
compensation or personal capital) in the Tisza case) and their adaptive options (e.g. save
goods, paying for insurance, simply following the flood action plan and restocking First Aid
resources) all of which result in the adaptive capacity of the system and ultimately lead to a
different decision pathway. These combinations of variables are then explored further using
the computer-aided interactive ‘game’ to isolate the specific variables required for the
decision-making process to proceed under differing scenarios (Bharwani, 2006).
In the Ukrainian example, we are interested in ‘soft’ knowledge regarding floods as this is
still missing from technical implementations of flood preparedness strategies. Monitoring is
being developed but there is not a large budget for this so we are interested in community
and household preparedness. E.g. insurance, education on floods, etc. Data from previous
floods could be used for testing. Therefore, the aim of this KnETs game is to assess whether
the local Mayors (target stakeholder group with whom the game is played) of various upland
and lowland farming communities (differential exposure units) would decide to help their
‘communities’ ‘prepare’ for a potential flood situation or ‘not to prepare’ (their
decision/goal). How this would be achieved is also explored in the example (their decision
pathway). The potential, as well as the existing adaptive capacity of the group to deal with
differing scenarios is important to explore as the gap between the two provides an indication
of where interventions are most valuable.
That is, short and long-term adaptation strategies undertaken to make a scenario easier to
cope with and to potentially reduce future vulnerability (e.g. switching to soft risk adaptation
paths, insurance, improving social networks, construction of floodplain management plan
(can include dike construction, bank reinforcement, strengthening river channel), improving
warning system and technical support, education on soft FPM, flood education at school,
involving the Church, improving informational networks, reforestation and evacuation of
vulnerable populations) are all important to explore in hypothetical scenarios as people may
indicate that they would opt for alternative adaptive management techniques if they had the
capacity to do so, which may lead to a different management solution altogether. However,
as mentioned all of these management techniques in the game would originate from
stakeholder suggestions and discussions in the first instance, as it is their perception of their
vulnerability and which is important for achieving successful transitions to new water and
resource management regimes. For example, certain actors may feel their decisions are
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constrained by a lack of alternatives, by traditional or cultural beliefs, by a lack of
knowledge or by a lack of institutional support to make changes.
5.3

Agro-economic hydrological modelling frameworks

The starting point for the analysis of water vulnerability in the Upper Guadiana was a
thorough description of baseline vulnerability (not reported in full here), including an
analysis of stakeholders (Sorisi 2006, Varela et al. 2006a) and surveys and interviews with
farmers throughout the region (Varela et al 2007b). This research presents an innovative
analysis that links this baseline vulnerability to a farm-based agro-economic modelling of
policy-relevant scenarios. This micro-scale vision is then aggregated to the basin-level by
means of a hydrology model – WEAP (SEI 2006) – coupled to the economic model by
reproducing the same policy scenarios. Differential outcomes are predicted based on
indicators of vulnerability combined through a rule tree using CART (Stephen & Downing
2001). This methodology shows the extension of IWRM to consider vulnerability and
behavioural responses, core elements of AWRM.
The stakeholder analysis addresses the issue of collaborative governance and
interdependence with stakeholders required for AWRM (Pahl-Wostl, 2007c). The inclusion
of vulnerability analysis in water resource planning is one element in robust policy
development. The research followed two essential progressions in vulnerability assessment:
•

From simple profiles to economic vulnerability. Techniques like CART (Stephen
& Downing 2001) and KnETs (Bharwani et al., 2006) combine the drivers of
vulnerability in logical rule trees that indicate critical thresholds which result in one
farm being more exposed to environmental, economic and policy impacts than
another. Such rule trees highlight the relationship between predictor variables and
outcomes.

•

From baseline, current vulnerability to behavioural responses. Economic
analysis, rule trees, agent-based modelling, and stakeholder role-playing seek to
represent how the current configuration of risk might be altered under different
environmental stresses, in response to economic shocks, or as a result of policy
interventions.

Looking at water conservation policies currently in force in the Upper Guadiana Basin, we
can conclude, from the economic-hydrologic integrated analysis, that these policies will not
be able to achieve the recuperation of the Western La Mancha aquifer, even though they will
contribute to reduce water consumption in the farms. This situation would worsen in case of
droughts.
The analysis of the impact of compliance with the Nitrates Directive in the region of Castilla
La Mancha showed that the cost of compliance (measured as income loss) at farm level
varies depending on farm types and adaptive capacity of farmers to face the regulations.
When farmer’s adaptation ability is low (i.e. changes in cropping patterns are not easily
preformed) the most vulnerable farmers account for income losses of around 15%. These
results were validated by interviews with farmers and experts in the area of study.
Nevertheless, when farmers adjust the cropping pattern to comply with the ND (by changing
to less nitrate-demanding crops and reducing extended over-fertilization practices) income
loss is low and, in some cases, it may even increase, evidencing a clear benefit of the
compliance measure.
As a general policy recommendation, the present Water Plan of the UGB while responding
to the EU WFD objectives will not meet the desired target of ensuring the good ecological
status of the aquifer and revert it to its natural recharge level unless new institutional
arrangements are put in place. These will require decisive stakeholder involvement.
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Enforcing these policies, or any imposed strict water quota system, is a difficult task that will
require efficient and socially-accepted instruments as well as a transparent and participatory
process of all stakeholders involved, especially irrigation associations, the Water Authority
and environmental groups. As the cost of the Water Abstraction Plan is supported largely by
the irrigators, there is a need to seek more flexible distribution of water allotments among
farmers and for complementary measures of rural development that will ensure the
maintenance of rural livelihoods in the area. These programs are envisaged in the recently
launched Special Plan of the Upper Guadiana (including a water bank) and will need to be
targeted specifically to the different types of farm economies in the area. Participatory
adaptive water resource management recognising the differential vulnerability of
stakeholders is essential.
5.3.1

Agent-based modelling of the Guadiana

An Adaptive Groundwater model (GWM) was developed to investigate the dynamic
vulnerability of irrigators to groundwater shortages under adaptive water management
scenarios in the Guadiana basin. The Adaptive GWM is an agent-based model, such that it
represents decisions of individuals that are heterogeneous in terms of farm size (different
exposure units), crop choices, access to irrigation water, and in terms of their sensitivity to
water level depletion (adaptation options and overall their adaptive capacity). It also embeds
agents in their social context in terms of how the actions of and interactions with other
agents shape individual choices (drivers of decision-making). The natural environment
component is an implementation of a groundwater flow model with specified flow and
specified head boundaries and includes irrigation pumping wells as a feature of the
environment. The operation of irrigation wells links anthropomorphic stressors with
groundwater flow response. As the groundwater flow responds to stresses, environmental
constraints begin to act upon on water availability and hence impact on farm decisions by
triggering an adaptation response. In this model, adaptation is implemented as a series of
water conservation measures (WCM). Compared to the unconstrained case, the irrigator may
choose either to reduce the area of land allocated to the farm rotation, or may modify crop
rotations choosing different range of plants with lower overall water requirements.

Farm areas

Wells

Water elevation

Figure 12 Screenshots from the simulation.

Figure 12 shows different display layers of the same modelled region – a 50 by 50 cell grid
where one cell has square dimension of 1 ha. Farm areas of different sizes are shown (left)
and well locations (centre). Each farm possesses one well: the colour blue indicates an
operational well, black indicates a depleted well and yellow indicates a farmer located
outside of the aquifer region (right), and therefore unable to build a well and irrigate. Also
shown here are elevation levels in the aquifer: the darker shade indicates higher water table
level in that cell location.
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Transcript of Water Conservation Measures
01/81, farmer-35, Rot. area change 27.0 to 21.2
01/81, farmer-9, Rot. area change 38.0 to 28.8
01/82, farmer-35, Rot. type change WhFaWhMe to Vi
01/82, farmer-13, Rot. type change MaMaFa to
WhSuFa
01/82, farmer-9, Rot. area change 28.8 to 21.6
01/83, farmer-10, Rot. type change SuFaSuMe to Vi
01/83, farmer-9, Rot. type change SuFaSuMe to
WhFaWhMe
01/85, farmer-35, Rot. area change from 21.2 to 17.4
01/86, farmer-10, Rot. area change 30.0 to 19.1

Water abstractions

Selected water conservation
measures

Crop yields

Figure 13 Initial six seasons from simulation.

Figure 13 shows time series simulation data from an initial period of six growing seasons
alongside a transcript of some water conservation measures applied by irrigators. Monthly
aggregated water abstractions are shown (left) with aggregated annual sales from crop yields
(irrigated crops). This shows a reduction in total water abstracted over the time period, which
is due to water conservation measures in land use (centre) and, in some cases, loss of ability
to abstract irrigation water from a well. Farmers both reduce their rotation area of irrigated
production, and change their rotation type towards less water demanding crops. Interestingly,
in this simulation these changes do not seem to have a negative aggregate impact upon the
economy. Figure 13 also shows the annual yield (right) obtained from five types of crops
which constitute the modelled rotations: in particular, it shows the substitution of crops like
vine (Vi) and wheat (Wh) for crops like maize (Ma) or sugarbeet (Su).
5.3.2

Agent Population behavioural modes

The population consists of homogeneous agents following certain behavioural modes or
rules, which differ in terms of how they monitor the natural and social environment.
'Perceptive' agents evaluate the number of functioning neighbours wells in the local
environment. There is also a (fixed) social network of acquaintances from which a 'Listener'
agent may receive information, in the form of advice. Advice comes from 'Sensitive' agents
(sensitive to water level depletion in the well). Sensitive agents evaluate the status of the
well according to their sensitivity 'value' – a number. This mode can be equally applied to
the well of an acquaintance (where it generates an advice) as it can to the well owned by the
individual. An individual's sensitivity can also change over time, in response to social and
natural environment monitoring. The behavioural modes or rules are outlined below.

ListenerI (reactive)

PerceiverI (reactive)

Evaluate the advice of acquaintances and if above a
threshold, carry out a WCM

Evaluate the environment of neighbouring wells and if
above a threshold, carry out a WCM

ListenerII (cognitive)

PerceiverII (cognitive)

Evaluate the advice of acquaintances and if above a
threshold, increase S

Evaluate the environment of neighbouring wells and if
above a threshold, increase S
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Sensitive (cognitive)
Evaluate water length in own well and if below S, carry out a WCM

Reactive modes are not compatible with cognitive modes: cognitive implies a sensitivity, S,
to the water length, whereas reactive modes have no role for sensitivity. The other modes are
not mutually exclusive, for example an agent following PerceiverII or ListenerII is also
following the Sensitive mode. Also, an agent following Listener I could also be following
Perceiver I (both of which are reactive). However, in the following experiments agents have
been partitioned into one only of the Listener I, ListenerII, PerceiverI and PerceiverII modes
and this is how they are referred to. Use of a threshold in rules to determine behavioural
outcomes is a typical approach in ABM which, whilst it produces metastability in agents, it
does not differentiate among sources of information.
5.3.3

Simulation Experiments

Three simulation experiments were carried out, in which the environmental set-up (the land
allocation, well depths, and initial rotations) was identical. Data were collected (water
abstractions, crop production, irrigated land use, macro economic, water conservation
measures, operation of irrigation wells) to analyse differences resulting from changes in
setting the populations. A simulated period of 1/1/1980 to 1/1/2000 for the groundwater
flows on a daily time-step, and on a monthly time-step for the cropping model and well
abstractions (Figure 13; left) is used.
Sim1 (Control) : 40 agents not following any of the behavioural modes (acting
unresponsively)
Sim2: 10 each of PerceiverI, PerceiverII, ListenerI and ListenerII
Sim3: 10 each of PerceiverI, PerceiverII, ListenerI and ListenerII, transitions enabled
Sim3 allows a transition for a reactive agent to become cognitive in the case where that agent
carries out a WCM. In the transition from reactive to cognitive, a positive sensitivity 'value'
is ascribed, and the agent thereby possesses the means to evaluate the status of groundwater
wells. This should be interpreted as a process of informing and educating (sensitivising)
formerly reactive agents.
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Figure 14: a) annual total groundwater
abstractions
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b) annual total sales values of irrigated crops
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5.3.4

Indicators and dynamic vulnerability

Some aggregate statistics are shown graphically: total groundwater abstracted (Fig.14: left),
sales value of crops (Fig.14: right) and number of operational wells (Fig.15:left). Similarly
above (Fig. 12: centre) wells are displayed as a layer on the geographical grid showing the
distributional health, for the unresponsive population. In the control experiment there is a
problem of operation affecting over half of the wells by end of simulation run in Jan-2000,
whereas the adaptive agents have largely avoided this problem. The behavioural modes of
both Listener and Perceiver provide the mechanism to adapt. Interestingly the transitional
population, sim3, performs best with 34 fully functioning wells although total abstraction is
slightly higher (Fig. 14a) and economic performance slightly lower (Fig. 14b) compared to
sim2.
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Fig 15: b) total irrigated areas of crops (sim3)

Irrigators are shown to be inherently vulnerable to groundwater depletion in sim1, which can
be considered as the baseline case, because baseline abstractions are not sustainable. Nonfunctional wells indicate that irrigators are unable to obtain in entirety the recommended
crop water requirements (but may be able to obtain a significant portion of it). Indicators of
vulnerability, on the other hand, can be determined by investigating behavioural modes to
see what sort of outcomes - sustainability or fragility of livelihoods -- these generate when
running simulations. The finding that sensitivity as an attribute of agents seems to result in a
better performance, and the transition process of reactive to sensitive (sim3), suggests that
the ability of an agent (through information, education, etc.) to evaluate groundwater
conditions is advantageous. On the other hand, not having this ability could be an indicator
of vulnerability, and this needs to be explored further.
Dynamic vulnerability could be investigated in other ways by adding climate variability to
the model (e.g. precipitation, temperature and groundwater underflow variation). The
analysis of adaptive behaviour as a response to vulnerability in the Adaptive GWM departs
from the vulnerability analysis of scenarios of water conservation measures. One main
difference is that the former deals explicitly with uncertainty, whereas the latter assumes a
predetermined set of demands and rates of uptake as inputs to the model. Much of what is
interesting to ABM researchers is that which emerges from a close coupling of each agent to
its natural and social environments, producing non-linearity, indeterminacy and path
dependency.
The Adaptive GWM is based on the Upper Guadiana case study of NeWater and captures
some of the complexity associated with groundwater-dependent irrigation. However, the
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model does not presently include any policy interventions. Obviously irrigators obtain
information (e.g. on water restrictions) and advice from authorities which influence their
adaptation decision-making.
These policies have been studied with other approaches by researchers working within
NeWater (e.g. using Bayesian Networks and WEAP). The Adaptive GWM concept could be
easily applied to other case studies of groundwater irrigation and socio-economic impact. On
the other hand, future research could take up the challenge of designing a set of exercises to
elicit rules of social interaction and the structure of social networks in the UGB region which
could inform a detailed, fine-grain and better validated ABM for exploration of social
complexity. The Adaptive GWM would be a prototype for this work. One area of interest
which has been explored conceptually is the operation of normative agency.
The agents are designed as normative agents (able to cognitively represent and deliberate
with norms) so that the model can be used to understand the impacts of social interactions on
the diffusion of the (modelled) norm of great interest in the Guadiana study (as it has been
often violated): the legal requirement for irrigators to register their water rights and obey
restrictions imposed on groundwater abstractions. This area is being explored further in work
with NeWater partners to couple the hydrological ABM to social and cultural models of
decision-making under scenarios of uncertainty (see Synthesis Product on Uncertainty
Guidance).

6

Conclusion

High priorities for indicators for vulnerability reduction can be identified from the
exploration of the dynamic vulnerability experienced by a community (see Bharwani et al.,
2007 for more details on how this is achieved). That is, vulnerability frameworks should help
us to identify the most relevant questions on which to focus when planning interventions.
Though we are concerned with water management specifically, a focus on multiple stresses
is necessary as this underscores areas of life that are under pressure and the relationships
between these stresses must be understood for any water management intervention to be
successful. This is particularly true where communities are closely tied to the land and are
dependent in different (direct and indirect) ways on the natural resource base.
Groups affected by changes in the resource base also use these resources differently and
therefore place different value on them. The values, uses and dependencies that form
dynamic vulnerability may be more difficult to uncover if we approached the case study
through the narrow lens of hydrology and physical infrastructure alone. In this case, the
chain of analysis might be:
Catchment hydrology  static vulnerability  single stress focus  interventions
But this may lead to:
Unintended impacts on other areas  multiple and cascading effects in different spheres 
mal-adaptation in the reduced capacity to adapt  fragile and insecure livelihoods 
increased dependency and (new)vulnerability
Thus, a single stress, one-scale, snapshot approach would reach a different conclusion, which
would miss much of the detail that can be captured using integrated and dynamic
frameworks which allows the emergence of unpredictable, non-linear outcomes.
A more idealised step-by-step process of analysis may be:
Current vulnerability (indicators, narratives, etc.)  dynamic vulnerability  emergent
adaptive capacity  adaptation strategies (informal, formal)  resilient livelihoods.
Dynamic vulnerability links naturally to adaptive management frameworks, albeit extending
a single-stress, sectoral focus to coupled socio-ecological systems. This is a challenge for
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adaptive water management, where water links to fundamental stresses in many sectors,
economies and vulnerable socio-economic groups. Narratives, at a personal, community and
institutional level, may help illustrate the dynamic nature of vulnerability. Further, it is
particularly important to capture the qualitative shift from one complex of vulnerability (e.g.
resource-dependent self-provisioning livelihoods) to another (e.g. transient communities in
economic and social relations at multiple scales).
This review of state of the art methods for the assessment and analysis of dynamic
vulnerability has addressed the concerns that the dynamic nature of vulnerability requires the
identification of learning and adaptation mechanisms that facilitate sustainable AWRM. The
different outputs provided by these methods vary in their ability to address uncertainty,
complexity and the emergence of new vulnerability. As such they also vary in their ability to
predict the likelihood of investment in one particular development pathway and the degree of
'lock-in' which will ultimately inhibit experimentation, innovation and further learning.
However, different methods are suitable at different stages of research and depend on the
target audience. These conditions of applicability of differing methods will be explored
further in on-going research.

7

Next steps

Some of the experience so far in NeWater can be captured in a simplified form, using a
matrix similar to the one shown below.

Adaptation needs and Policies and
strategies
institutions
Qualitative methods LASER framework
(2.4)
and narratives

Implementation of
AWRM

Institutional analysis in the Orange (PIK)

Profiles, indicators, Conceptual modelling MTF application in
in Tisza (2.5),
Orange (1.7, PIK)
participatory
mapping, knowledge
KnETs application in Water Poverty Index
elicitation
Tisza and Guadiana
(2.1, 1.7, 3.5)

Vulnerability profiles

Normative value based Agro-economic model WEAP integration of
Coupled systems,
agent-based model
for the Guadiana (1.7) the model, agent-based
agent-based
modelling
modelling, economic (2.1)
analysis

A more developed representation may enable the multiple methodological pathways possible
when examining AWRM to be considered, depending on the target group involved and the
context specific attributes of the domain. We will develop the idea of multiple analytical
pathways (conditions of applicability) for the analysis of dynamic vulnerability further in
Synthesis Product 7.
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