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will affect coastal ecosystem. In the present context, we are
most interested in those ecological changes which will induce
a change in morphology and vice versa. Changes in sediment
budgets are a critical issue as it will affect the state of coastal
ecosystems (e.g. mangrove, marshes, sea grasses, efc.), which
in turn influences sediment retention and coastal geomor-
phology (VILES and SPENCER, 1995; FRENCH et al., 1995).
Changes in sediment budgets may be induced by climate
change or other anthropogenic factors such as the construc-
tion of dams. The significance of biological interactions has
often been ignored, mainly because of the lack of precise in-
formation regarding the rates of supply of biogenic compo-
nents to coastal systems, as well as the role of coastal biota
in trapping and affecting the cohesiveness of sediments.
There is a need for future work to focus on the interaction of
major ecosystem types with the sedimentary and geomorphic
environment, as well as assessing the implications of ecosys-
tem perturbations on coastal stability. (HoLLIGAN and DE
Boois, 1993; BisLsMA et al., 1995).

In coastal ecosystems there are other feedbacks from ecol-
ogy to hydrodynamic and sediment transport processes which
make it necessary to directly couple complex ecosystems mod-
els to morphodynamic models. The external driving forces are
susceptible to change by direct and indirect consequences of
human activities at local, regional and global scales. Before
anthropogenic changes can be addressed, however, the rela-
tive importance of various sediment sources, the effects of
changes in relative sea level, and the effects of the wave/wind
field on coastal erosion and accretion must be better defined,
particularly with respect to the role of episodic events, such
as floods and storms, which may have important long-term
implications (e.g. BOESCH et al., 1994; DAY et al., 1995). More-
over, an understanding of the role of biological processes in
sediment trapping and sediment cohesion is necessary.

Role of Ecological and Landscape Modelling

Modelling can serve as a tool in formulating and testing
hypotheses, directing future research efforts, making specific
predictions about the impacts of major changes in the system
(natural and human-induced). There needs to be a close in-
teraction between modelling efforts undertaken for distinct
but interacting physiographic units. Hypotheses concerning
both the functioning of the natural system and the impact of
natural and human-induced changes have to be fixed. Be-
cause these processes are complex, interdependent, and
scale-dependent, a suite of models capable of simulating the
various processes and their interdependencies at various spa-
tial and temporal scale levels is necessary.

Ecosystem simulation models may be developed and tested
at two levels of spatial scale:

® individual habitats or physiographic units
(wetlands, agriculture areas, lagoons, beach/dune, etc);
® a grid of cells, more or less independent of the above
units.

Ecosystem-oriented spatial landscape models have been de-
veloped for the Mississippi delta over the last decade (Cos-
TANZA et al., 1988; 1990). The development of spatial ecosys-

tem simulation models for the Mississippi delta was aimed
at predicting long term habitat succession and horizontal wa-
ter and material fluxes. They have been applied to practical
management problems such as the costs and benefits of
building levees. Other wetland models (Mi1TscH, 1988) have
been quite successful in reproducing historical data and pre-
dicting impacts for various long term scenarios (i.e. sea-level
rise, river diversion). New approaches to long term habitat
and population succession are also the objects of study of
structural dynamic models (JORGENSEN, 1990).

Physiographic-Unit-Based Landscape Models

A fully integrated spatial landscape model could be based
on a cell division of the study area. Each cell in the grid will
contain a copy of the individual unit models developed above.
Unit model equations will be integrated into the spatial grid.
Different levels of aggregation of these unit models can be
evaluated to determine an optimal compromise between ac-
curacy and manageability. Such cell models will naturally in-
terface with raster-based Geographical Information Systems.

There are, however, situations for which cell models are
less appropriate and unit based models should be considered.
As an example, if one is only interested in isolated features,
such as lagoons, river branches, fisheries or settlements,
which are localised in space while intermediate areas are of
no concern, a cell approach will require considerable data
which is not used. Alternatively, we can consider geometric
data models that includes point features, linear features and
areal features: each feature being defined by sets of co-ordi-
nates. This means that we should define and use interacting
objects that represent real-world physiographic units (see again Fig-
ure 3 for an example of a lagoon entrance). These (simulated
world) objects may correspond to physical entities at various
levels of aggregation. Each of them is characterised by State,
Behaviour, Identity which are influenced by (Figure 5):

® Attributes, i.e. properties of an object which can be affect-
ed by other objects,

® Operations, transformations of properties of an object
which can be brought about by another object by another
object,

® Association, i.e. the relationship between two objects, and

® Generalization, i.e.the relationship between a class of ob-
jects and one or more specific members of it.

Such physiographic unit-based models will naturally inter-
face with vector-based Geographic Information Systems and
perfectly integrate with the corresponding GIS perspective.
Physiographic unit-based modelling is compatible with Naive
Geography (EGENHOFER and MARK, 1995) that establishes
the link between how people think about geographic space
and how to develop formal models based upon this way of
reasoning that can be incorporated into software systems.

Physiographic units can be considered as an extension of
the concept of coastal cell, where the conditions that deter-
mine their forcing factors and boundaries include aspects oth-
er than sediment transport alone. A physiographic unit, for
instance in the case of the highly dynamic deltaic fringes, can
be subject to structural morphological evolution, particularly of
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its interfaces with other units. This means that the structure
and the character of a unit may change through time. At the
longer time scales, physiographic units could also undergo
composition or transformation of their intrinsic morphological pro-
cesses. At the time scales of our direct interest they can cer-
tainly evolve and such evolution can be described using var-
ious types of models.

We just briefly mention the fact that, at relatively small
spatial scales another approach to modelling, based on the
use of cellular automata (ENGELEN et al.,, 1995), can be ap-
plied. It is important to note that both approaches allow us
to accommodate the characterisation of human interference
and natural forcing factors and, to a variable extent, the
available knowledge about the natural environmental dy-
namics.

Special emphasis has to be given to physical/ecological in-
teractions. The objective is to predict major changes in hab-
itat distribution within the area, including losses of habitat
to open water and changes in habitat due to species succes-
sion. As one attempts to increase the spatial resolution with-
in a unit, the result will become more sensitive to input pa-

rameters. Since more details of the system have to be de-
scribed, the model becomes more data demanding.

QUALITATIVE MODELLING AS A TOOL FOR
INTEGRATION

Description of Qualitative Mechanisms of Influence

In a management situation, rapid analysis is often neces-
sary. For this task, the environmental professional acts as an
expert. Judgement criteria and rules of action are progres-
sively built up from experience and applied to the available
data and information. Data and information are translated
into qualitative terms to become the basis of reasoning. For
instance a time evolution curve of a parameter will be ana-
lysed according to its tendencies (increase, decrease, steadi-
ness), at a certain level (high, low, medium), and with a cer-
tain speed (fast, slow), or according to its general shape (a
set of basic shapes or patterns could be identified from ex-
perience). Similarly, cause-and-effect relationships can be
specified by identifying the direction of influence of one var-
iable on another (positive affects, negative affects).

Figure 5. Conceptual links between “environmental objects” as formalisation of “physiographic units.”
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Table 3. The seven steps for qualitative modelling.

1. Relationships between qualitative variables, identification of elementary in-
ferences and possible causes and consequences;

2. Conceptual representation and definition of a causal influence network;

3. Quantity Space, a finite set (of symbols) where each variable takes its value;

4. Transfer Rules, to translate numerical values into qualitative values, to
translate linguistic observation into qualitative values, to permit qualitative
relationships between variables;

5. Knowledge formalisation, definition of a set of cause-effect relationships ac-
cording to the transfer rules;

6. Qualitative translation of measurements and observations where, for a given
variable, a “value” is chosen in its quantity space (this is the interface with
the quantitative world);

7. Qualitative calculus where, in relation to the science involved in the model,
a set of possible operations are defined.

A qualitative approach addresses some of the problems of
integrated environmental modelling. We note that formulat-
ing a qualitative model is closely related to the formalisation
of a conceptual model. One can have a clear understanding
of a situation without attempting to formalise it as mathe-
matical equations, and still utilise all the available quanti-
tative and qualitative data. A qualitative approach, starts
with the identification of the key system components and the
fundamental laws which govern them and then attempts to
derive and explain the system behaviour. Abstraction and ag-
gregation are crucial steps in qualitative model building. Here
they are even more important than in the case of quantitative
models with many unknown processes. As compared with
quantitative models, the emphasis of abstraction in qualita-
tive models has shifted from precisely measuring parameters
to recognising as many of the relevant variables as possible,
including their potential associations and groupings. A mul-
tidisciplinary perspective of the system to be modelled is es-
sential. Most fundamentally, the qualitative approach to un-
derstanding nature requires more thought about the natural
system characteristics than about the model details: precision
is relatively unimportant and more than one model can be de-
rived to describe any specific natural system. This implicitly
assumes that there is not a right and a wrong of model, and
that there can be different interpretations of the observable
reality based on the available information.

Qualitative Modelling as a Formalisation of Qualitative
Knowledge

Giving an interpretation of a qualitative model is, there-
fore, based on subjective appreciation which depends on the
goals and the context of the analysis. It represents an inter-
mediate level of analysis within the top-down modelling ap-
proach (Figure 2). It integrates all the available knowledge
and simplifies the complexity of the real world to make it
understandable and controllable. Within the overall inte-
grated modelling framework, the qualitative representation
of knowledge will contribute to filling the gaps in physical
and ecological process modelling. There is a need for an in-
tegral approach which aims at including all the available in-
formation on the system under consideration. This also ap-
plies to elements that cannot be formalised as classical math-
ematical equations. Without such an approach, the best man-

Tidal
Channel

Updrift
Coast

Impact
eg: sea-level rise

— positive effect
——@ negative effect

Figure 6. An example of a qualitative model: the impacts of sea-level
rise on an inlet or lagoon entrance.

agement solutions will be difficult to identify because
important knowledge and experience will not be considered.
In addition, we expect that via such an approach we will be
able to use important knowledge and experience that would
be ignored by traditional quantitative (e.g: strictly mathe-
matical) models.

Qualitative modelling is an attempt to formalise knowledge
and experience (DE KLEER and BrowN, 1984; KUIPERS,
1986). The seven steps approach as defined in Table 3 is in-
strumental to the development of qualitative models, as they
formalise the available qualitative knowledge. These seven
steps are an attempt to organise in a rigorous way the con-
struction of qualitative models, from the identification of
qualitative variables, to the definition of the values that can
be assumed by the qualitative variable and of the rules of
transformation from one value to another. The system can
assume both (1) values on a discrete space (i.e: a discrete
number of possible, selected, values) or (2) fuzzy values (i.e:
values inside a range with the specification of the percentage
of occurrence).

The simplest example of qualitative modelling we can
imagine is represented by the use of a signed graph represen-
tation (relationships between qualitative variables and con-
ceptual representation) where the possible symbols (quantity
space) are (see Figure 6 as an example):

(+) for a positive tendency,
(=) for a negative tendency,
() for a stationary tendency.

Transfer rules, knowledge formalisation and qualitative
translation of measurements and observations give the links
between the qualitative world and the quantitative world. In
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this simple situation, the possible relationships among vari-
ables are chosen from the same set of symbols and the only
available measurements are expressed in linguistic terms:

(+) for a positive effect,
(—) for a negative effect,
() for no effect.

In this case, matrix computations (qualitative calculus) can
be applied to analyse the characteristics of the model which,
in practice, is a graph (Puccia and LEvINs, 1985). This for-
mulation is particularly useful to gain insights into the ten-
dencies of evolution for systems in local equilibrium, moving
equilibrium or sustained bounded motion, where some periodical
forcing is applied. This means that the direction of change
for the variables describing the state of the system is evalu-
ated. In practice, it is equivalent to a stability analysis for a
system in equilibrium. A good introduction to the topic is giv-
en in KaArLAGNANAM (1991). At the level that they can specify,
qualitative models may have an important role in testing hy-
potheses and verifying assumptions about the effects of
changing one variable. As already noted, this means that,
instead of one model, a number of models could be set up for
the same situation. One successive approximation scheme for
the development of an optimum qualitative model is as fol-
lows:

(1) commence with a limited number of variables and (if
possible) known links between them;

(2) add one variable and/or investigate all possible connec-
tions between the variables, particularly where the
model predictions are ambiguous or intuitively incor-
rect;

(3) determine the “most correct” connections between the

variables on the basis of model results and of any avail-

able “data and information”;

repeat steps (1) to (3) for each variable that appears to

be significant on the basis of a priori knowledge.

(4

~

Examples of Application of Qualitative Modelling

Figure 6 presents an example of a qualitative model of the
impact of sea-level rise on a tidal inlet with two adjacent
beaches and intertidal flats. A behaviour-oriented model for
a similar case is described by STIVE ef al., 1996. The two
adjacent beaches are treated in a different way to resemble
in some sense the situation of Figure 3 where the updrift area
is “free to evolve”, while the downdrift area is “artificially
stabilised” by human interventions. As an example, sea-level
rise increases erosion of the updrift coast (—). A retreat of
the updrift coast affects the size of the flood delta and the
ebb delta in a negative way, but an increase of the flood delta
and the ebb delta affect respectively in a negative (—) and a
positive (+) way the updrift coast (same for the downdrift
coast). Similar considerations apply to the tidal channel, the
lower tidal flat and the updrift dune morphology. When a
negative feedback acts on a given variable, this means that
in principle the variable is bounded by other “processes” not
explicitly considered in the model. In this case any direct shift
from equilibrium will be damped out by other processes.
When a positive feedback is applied, this means that in prin-

ciple the variable is further sustained by other “processes”
not explicitly considered in the model. In this case any direct
shift from equilibrium will act as a trigger to other processes
that will enhance disequilibrium.

In Figure 7 a possible improvement to Figure 6 is shown
by introducing additional qualitative variables. An ecological
aspect is now included, viz. the dune ecosystem. Sea-level rise
increases erosion/erodibility (+) which, in turn, decreases
dune stability of the updrift coast, and the coastal vegetation
(—), whereas it increases (+) the groundwater salinity.
Coastal vegetation enhances dune stability (+) and hence
counters erosion (—), and so on. Additional qualitative vari-
ables could be introduced such as flood-frequency. In that
case, impact analysis will consider flood frequency as well as
erosion. An increase in dune stability will decrease the flood
frequency (—); an increase of flood frequency will reduce
coastal vegetation (—) and increase the groundwater salinity.
Qualitative variables are often interchangeable such that we
could introduce directly variables relevant to the definition
of the vulnerability profiles (e.g. flood-risk instead of flood-
frequency).

In Figure 8 a different type of improvement to Figure 6 is
shown, based on a more detailed characterisation of the in-
ternal part of the lagoon. It distinguishes between two classes
of tidal flats (e.g., regularly flooded and rarely flooded) and
different types of vegetation.

In all three cases shown in Figures 6, 7, and 8, links can
be changed and adapted according to different “qualitative”
hypotheses. The comparison between the models can be made
in qualitative terms by looking at the correlation matrixes
that give the response of one variable to the forcing by an-
other variable. If all possible paths from the impacted vari-
able to the forcing variable have the same sign, the resulting
composite effect will also have the same sign. If not, little can
be said about the direct resulting effect between the forcing
variable and the impacted variable, unless impact relation-
ships can be quantified or otherwise made mutually compa-
rable. Then we enter the field of fuzzy modelling (see SHEN
and LEITCH, 1993) or, if we want to quantify the effects com-
pletely, that of traditional quantitative modelling. Qualita-
tive modelling is not sufficient for such an assessment. The
problem to solve here is how to properly evaluate the uncer-
tainty and the nonlinearity of the paths within the models?

DISCUSSION AND CONCLUSIONS

The need for more integrated approaches to the manage-
ment of coastal resources, given the uncertainties of climatic
change and the other possible changes, is recognised. We un-
derline the need to develop a conceptual framework which
can embrace all the data, information, knowledge and expe-
rience concerning the coastal system of interest, irrespective
of the form they have. The system dynamics and evolution
are also of interest, and need to be defined as much as pos-
sible.

We believe that appropriate proactive management of the
coastal zone will be able to sustain the prosperity of coast-
riparian societies, in spite of relative sea-level rise and other
global or local changes. Such management includes working
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Figure 7. Modifications to the qualitative model of Figure 6 to include the effects of dune vegetation.

with nature and, in the context of coastal morphodynamics,
fully utilising natural sediment availability and natural eco-
system functioning. In order to achieve this goal, it is nec-
essary to investigate impacts and responses to climate
change. This requires integrated modelling tools and frame-
works. Most importantly, there is a need to begin thinking in
an integrated manner about these problems. Good integrated
conceptual models are the starting point of good integrated
modelling tools.

We argue that significant progress in the integrated mod-
elling of long-term processes can be made by adopting a com-
prehensive conceptual framework. A top-down modelling ap-
proach is favoured, based on a number of distinct levels of
analysis, including explicit recognition of higher levels of
analysis where qualitative assessment is most appropriate.
This qualitative element to integrated modelling appears to
be fundamental. Therefore, the top-down modelling approach
formalises the use of knowledge and experience and then in-
tegrates data and available models. Many useful quantitative
models are already available, or they are being developed. To
gain insights about the integral functioning of the coastal sys-
tem, and hence to develop useful management tools, these
quantitative models can be integrated with new qualitative
models. The suggested approach makes the implicit assump-
tion that, while we cannot rely on the quantitative output of
many models for long-term predictions, we can be confident
about the qualitative predictions. Such qualitative judge-
ments concerning coastal behaviour are most valuable and
should not be ignored during impact and vulnerability as-
sessment.

The definition of a vulnerability profile can guide devel-
opments in integrated modelling and can list priorities to be

considered in the development of qualitative models. Most
qualitative models are expected to be developed for ecological
systems and for the purpose of integration. Morphodynamic
predictions can be based on a number of quantitative models,
so this aspect of an integrated model can have a more quan-
titative approach. Yet, the results can best be interpreted in
more qualitative terms, given the remaining uncertainty of
long-term predictions. All models will need to be spatially
referenced, so some form of GIS will be an essential tool in
the integration.

The methodology proposed herein has been applied tenta-
tively to a number of Mediterranean river deltas. The results
are encouraging in terms of improved vulnerability assess-
ment and Coastal Zone Management (e.g., CAPOBIANCO et al.,
1995; SANCHEZ-ARCILLA et al., 1996). However, a consider-
able amount of work remains to be done before we will be
able to translate all the available information into the qual-
itative reasoning schemes which we propose. Rather than
presenting a step-based methodology for practical applica-
tions, this paper aims at promoting a line of thought con-
cerning the development of a better assessment and manage-
ment support practice.

Although this paper was inspired by the role and perspec-
tive of coastal morphologists, the knowledge-based system
that we introduced for integrated modelling can be expanded
with other elements of relevance to coastal management.
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[] SUMMARY IN ITALIAN []

La previsione dell’evoluzione morfologica a lungo termine, a seguito sia di influenze antropiche dirette ed indirette che come conseguenza di possibili cambiamenti
climatici, sta assumendo un’importanza crescente nell’ambito della gestione costiera. All'aumentare della consapevolezza dei possibili impatti e meccanismi di impatto,
si assiste ad un parallelo aumento della necessita di ricorrere a strumenti modellistici a supporto della valutazione degli impatti di lungo termine ed a supporto
della pianificazione di interventi secondo l'approccio “precauzionale”. E’ altresi evidente che tali modelli richiedano di tenere conto sia del sottosistema morfologico
che del sottosistema ecologico sia, in ultima analisi, delle loro interazioni.

11 presente articolo descrive possibili approcci per la modellazione della dinamica a lungo termine della morfologia costiera che tengano conto in modo esplicito del
“bisogno di integrare la conoscenza di diverse discipline”. Viene presa in esame la tipica situazione di dati e conoscenza dei processi limitati, con l'ulteriore compli-
cazione rappresentata dalla variabilita spaziale della copertura e dell’uso dei suoli. Si assume che il necessario progresso nella modellazione della evoluzione a lungo
termine della morfologia costiera possa essere oggi ulteriormente stimolato adottando un quadro di riferimento concettuale in grado di trattare dati, informazioni,
conoscenze ed esperienze relativi al sistema costiero, qualunque forma essi abbiano.

Si assume che l'obiettivo possa essere raggiunto adottando un approccio concettuale alla modellazione di tipo top-down che aiuti a formalizzare la conoscenza e
I'esperienza riguardante 'area costiera e ad integrare tutti i dati, le informazioni ed i modelli disponibili sia in termini quantitativi che qualitativi. La modellazione
qualitativa, che definisce le “tendenze evolutive”, offre un importante strumento per tale scopo. L’approccio d’altra parte si presta ad essere strutturato in un sistema
di supporto alle decisione basato sui modelli che, accoppiato a sistemi informativi geografici, rappresenta lo stato dell’arte degli strumenti di supporto alle decisioni
nel campo ambientale.
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