Journal of Coastal Conservation 5: 113-124, 1999
© EUCC; Opulus Press Uppsala. Printed in Sveden

113

On theintegrated modelling of coastal changes

Capobianco, Michelel2

ITecnomare Sp.A, R& D, Environment, San Marco n. 3584, 30124 Venezia, Italy;
Fax +3941796800; E-mail capobianco.m@tecnomare.it
2Present address: Department of Civil Engineering and Management, University of Twente, P.O. Box 217,
NL-7500 AE Enschede, The Netherlands; Fax +31534892511

Abstract. This paper introduces a possible approach to inte-
grated model ling of coastal change, focusing on coastal land use
and cover change. Some of themost important openissuesinthe
context of integrated modelling of coasta change are intro-
duced. The paper focuses on methodological aspects. Specific
reference is made to Physiographic Unit Modelling as an ap-
proach to better handle spatia variability and ‘ morphogenesis’,
and asaway to focus on coastal change mechanismsinstead of
absolute coastal dynamics for achieving an important simplifi-
cation of the problem. The application isbriefly discussed with
reference to a‘minima model’. The methodological structure
introduced is considered particularly suitable to represent, ac-
cording to a variable degree of simplification, the integrative
dynamics between resources and uses of the resources.

Keywords: Coastal zone; Land use; Management; Morpho-
genesis; Spatial dynamics.
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Introduction
The need for the evaluation of coastal changes

The coastal zoneis an integrated complex of marine,
coagtal andterrestrial subsystems. Integrated Coastal Zone
Management (ICZM), in this issue aso indicated as
Integrated Coastal Management (ICM), needsto antici-
pate the effects of current and potential natural and
human-induced processes. It should respond to the vari-
ous processes (and possibly anticipate them) effectively
and without delay, with the overall aim of maintaining
anthropogenic functions and using coastal resourcesin
asustainable manner. Thismeansthat practical knowl-
edge of the mechanisms driving both the coastal zone
systems as awhole and its constituent subsystemsisa
necessary prerequisite for effective ICZM. Models
that are actually available to support planning and
evaluation of ICZM dirategies and activities are still
mainly non-integrated mathematical models developed
for sectoral purposes. Integrated assessment is made by

combining often non-immediately compatible results of
these models, with all the risks connected with such
operationintermsof robustness of theresults. Weneedto
move further on from this stage of development

In the present paper the problem of modelling the
mechanisms of land-use and land-cover change in the
coastal zone is introduced. This refers primarily to the
land-based part of the coastal system as it is the area
most visibly subjected to structural modifications in
cases of change. In principle therewould be no difficul -
ties in extending the same considerations to the marine
part of the coastal system. The paper highlightstherole
of geomorphological and ecological processes in the
evolution of land-cover as mediated by the land-use
structure—which in itsturn is determined by the socio-
economic setting. A landscape is composed of ever-
changing elements. Their spatial and temporal patterns
characterize alandscapeto an observer; at the sametime
they inform us of the complexity of dynamic processes
at various scales. Many of our research questions and
management issues are focused on the relationship be-
tween the changes that occur in the composition of the
landscape and the spatial configuration of landscape
elements.

Changesinland useresult from the complex interac-
tion of many factors including policy, management,
economics, culture, human behaviour in general andthe
environment. Land use change, in turn, affects many
components and processes in a landscape, such as the
hydrologic cycle, species diversity and local economies.
Itisfor thesereasonsthat land useissuesare central tothe
concerns of local and regional resource managers and
local land use planners independent of whether or not
they are dealing with a coastal situation.

We consider the fact that sustainable devel opment
needs to balance the use of coastal resources with the
coastal resourcesthemselvesinthe courseof time. L ook-
ing for a ‘common denominator’ between uses and
resources, weidentify that of ‘ values'. Theattribution of
values can be made on a ‘static portrait’ of resource
distribution and of patterns of uses of such resources;
however, theimplementation of sustainable management
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approaches in an increasingly complex situation needs
the development of a‘ dynamic portrait’. For thisreason,
while considering theintegration between resourcesand
uses in the coastal zone, we believe it is important to
look, initially, at the mechanisms driving the coasta
zone system and, secondly, at the evolution in time of
coastal land use and coastal land cover changes. The
mechanisms make the coastal zone more or less ‘ attrac-
tive’, while the changes make it more or less adaptable
and able to sustain human presence.

The approach

The aim of studies of ‘Coastal Land Use and Cover
Change’ (CLUCC) is to improve the understanding of
the dynamics of land use and land cover change for the
whole coastal system, with the focus on improving the
ability to project such change. Thisisimportant because
changes in land use and land cover are inputs to, and
consequences of, environmental modifications. There-
fore, insight inland use and cover changeisimportant to
integrated model ling and integrated assessment of envi-
ronmental issues in general. Moreover, insights in
CLUCC are needed to identify the likely points where
human communities can intervene to change the trajec-
tories of global land use (and thereby environmental
change) according to changing needs and values.

The concepts hereby described are mainly the result
of experiences from three Mediterranean deltas: the
Ebro Delta(Spain), the Rhone Delta (France) and the Po
Delta (Italy). A brief reference will thus be made in the
paper to a simple example, a simple ‘synthetic delta’,
that is helpful in highlighting the critical aspects con-
cerning integration between different components. Del-
taic areas are characterized by a highly dynamic nature
and high spatial variability from both the points of view
of natural and human-related aspects. They present a
complex overall behaviour and are highly sensitive to
both human interference and natural phenomena. The
lack of information about the integral functioning of
deltaic areas and the lack of understanding of therole of
the constituent processes must be covered with suitable
methodologies and tools to satisfy the needs of Inte-
grated Coastal Management programs. Integrated as-
sessment for a deltaic area at a given time and space
scale requires suitable identification of the physical,
ecological and socio-economic aspects and processes.

The present work originates from the problem of
evaluating the impact of possble rative sea leve rise
(RSLR) on the above ddtas. Further, the possbility of
human management and intervention is an integra ele-
ment in assesding possible adaptation messures to these
changeshighly affecting land useand cover modifications.

The starting point isthus the description of land use and
cover and of their changes or mechanisms of change. In
order to do this we identify mechanisms of influence
from the geomorphological and the ecological aspects
toward the socio-economic aspects (in terms of values)
and mechanisms of influence from the socio-economic
aspects to the physical and ecological ones (in terms of
human management and intervention activities).

This paper presents the structure of an integrated
conceptual model based on the description of such
links according to a variable degree of detail. The
perspective is dominated by the aim of describing the
land cover changes as resulting from the natural proc-
esses. The socio-economic aspects, and particularly
the land use types, are thus considered to the extent
they directly influence the ‘natural dynamics' and the
extent to which they are constrained by the same natu-
ral dynamics. Practically speaking, thiscomesdownto
the use of physiographic units (‘environmental’ ob-
jects). On arelatively large spatial scale (Capobianco
& Otter 1996) physiographic units allow us to accom-
modate the characterization of the human interference
and of natural forcing factors and, to avariable extent,
the available knowledge about the natural environ-
mental dynamics.

One should also be aware of the need to focuson the
budgetsfor water, sediment and salinity asmain driving
factors for changes in the coastal zone. Moreover, a
‘synthetic delta’ example is introduced where changes
of thevertical dimensioninthedeltaic plain and changes
of the horizontal dimension in the fringe are considered
the most relevant variables.

Generalitieson coastal land use and cover changes

Qubsystems in the coastal area

The study of Coastal Land Use and Cover Change
(CLUCC) requireseither standardized classification (or
typologies) of use and cover or data provided in a
manner that allows various standardized sets of classifi-
cations to be constructed. Methods of defining relevant
subsystems in the coastal zone in terms of climate,
topography, soils, vegetation or productive purposehhave
along history. There is, however, no satisfactory and
commonly accepted method of defining and classifying
coastal uses; probably because this is an activity very
much dependent on the local attitude towards coastal
management.

CLUCC research should emphasize the develop-
ment of classifications and data on three dimensions of
land use (Turner et a. 1995). The first dimension in-
volvestheland characteristics: ‘ how the coastal land use
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subsystems and impacts for a
coastal system. Inthe Rural and
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schematized geographically or
economically.
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and cover areused’ . The usesalwaysinvolve somekind
of ‘small-scale manipulations' of the bio-geomor-
phological componentsthat can only be determined over
their full sequence or time period. The second dimension
refersto the land user’ s purposes or objectives served by
the manipulation: ‘why the land is used’. These objec-
tivesmay vary considerably among individuals, socie-
ties and historical periods, but generally include the
satisfaction of needs for income, food, fodder, fuel,
products, shelter, and landscape values. The third
dimension of useisthe’broader bio-geo-morphological
and socio-economic circumstances or underlying
conditions’. Bio-geomorphological conditions—for
example climatic zone, soils, occurrence of pests
and diseases- determine, in part, what type of land use
and cover may be found.

The basic distinction is between natural, rural and
urban systems. A natural area can be defined as an
area characterized by alargely spontaneous devel op-
ment of the local (eco)system(s). A rura environ-
ment can be defined as characterized by cultivated
soils, while the urban environment is characterized
by the predominance of built-up areas. In away this
grouping represents a classification of the relative
degree of influence of man and, more specifically, the
relative degree of ‘ stabilization of the landscape’ that
isimposed by man.

According to Fig.1, the natural, rural and urban
systems each possess a distinct number of natural ele-
mentswhich are characteristic of that part of the coastal
zone system. Each element can be further delineated
according to itscomposition, morphol ogy and (internal)
dynamics. Concerning the composition each of these
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elements can be described in amore detailed manner by
focusing onitsphysical, ecological and socio-economic
aspects. Obviously an urban system will have a larger
component of socio-economic factorsthan the other two
systems. Concerning morphology and dynamics the
focus will be on the size of each morphological entity
present within the elements and the possible functional
links with, and within, the elements. The classification
isalso considered to be consi stent with the requirements
for alandscape description of wetland areas (Farinha et
a. 1996). Eventually arefinement at the level of defini-
tion of subsystems could be considered.

The role of the spatial scale

Itiswell-known that changing the spatial scaleof the
analysismay change the quality and value of theresuilts.
Moreover, issues such as uncertainty and predictability
are connected with the spatial scale. CLUCC researchis
confronted with two different scale effects that must be
taken into account: (1) each scale has its own specific
units and variables; and (2) the interrelationships be-
tween sets of variables and units change with scale. As
different scalesallow usto answer different questions, a
better understanding of land-use drivers can only be
achieved by combining observations and explanations
from different levels of the scale hierarchy. A compre-
hensive study of CLUCC requires anested set of scales
and corresponding data.

Spatial, hierarchical and tempora scales must be
understood in terms of their real world, measured (em-
pirical) and modelled, before making an appropriate
selection of scale. Scale effects exist in all land use/
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cover phenomenabut can only be assessed by measur-
ing their properties. Since all such phenomena and
properties cannot be measured, we are forced to make
arbitrary (and subjective) choices in selecting useful
scales. Similarly, models are generally only valid for
given, well-defined scales. Thus, CLUCC research must
pay considerabl e attention to the assessment of empirical
and model scales on the basis of aformalized approach.
Practical difficulties are represented by the fact that
scalesarerelated in different waysto the peculiarities of
thenatural system, the rural system, and the urban system.
From asystem-theoretic perspective, we could say that the
state of the natural, rura and urban systems also implies
socio-economic related components. We hereby assume
that the soci o-economic characteriticsof thethree systems
are related to their structural and functional characters
according to the attribution of ‘values':
« Valuesconnected to the use of resources (while aso
considering the use of space)
¢ Values of non-use (considering also ‘ social percep-
tion’ of the value of the resource)
The existence of values, with their typology and their
spatial variability represent aformidable mechanism to
trigger modifications and changes in the coastal zone.
Any modelling framework should at |east consider their
existence for the evaluation of scenarios of change, by
using themto define boundary conditions and/or param-
eters affecting the dynamics.

The relationships on a large scale

A distinction between use and cover is useful to
characterize the coastal landscape according to human-
and nature-rel ated aspects. In the present approach land
useis (primarily) the result of decision processes while
land cover (primarily) results from geomorphological
and ecological processes (Fig. 2). Land use has princi-
pally been a concern of the socia scientists. It refersto
the human employment of land and includes settlement,
cultivation, pasture, rangeland, recregtion etc. Land cover
has principally been aconcern of thenatural scientistsas
it denotes the physical state of the land. It includes the
quantity and type of surface vegetation, water and earth
materials (Meyer & Turner 1994). Land use and land
cover can be seen as the critical factors mediating be-
tween socio-economic, political and cultural behaviour
and global environmental changes.

Adjacent physiographic units

Thefirst step is an attempt to model explicit anthro-
pogenic, as well as natural, causes to coastal land
useand land cover change. Toinclude explicit causes
of land use change makes land use change models
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Fig. 2. A conceptual model of relationships.

moreuseful for policy analysis. Integrating amultitude of
factorsinto amodel containing policy, economics, popu-
lation and the environment does, however, present a
problem when addressing which currency or unit of meas-
ureto consider. When such problems arise, it is useful to
develop acommon model currency. In our approach, we
convert dl variables in the model that affect change in
land use by employing arel ative ranking system where
largevaluesreflect agreat influence on the direction of
changeand small valuesreflect little or noinfluenceon
change. Water, sediment and salinity represent the
currencies we adopt. More than one currency is re-
quired in order to describe the dynamics of interest. If
we followed a more static approach, other currencies
would probably be more appropriate, such asvegetation
type and -succession, which implicitly allow usto dis-
tinguish between river-dominated areas, sea-dominated
areas, €tc.

Secondly, we attempt to develop aland use change
model that can be transferred to many regions. To ac-
complish this objective, we have focused on the devel-
opment of aspatial modelling framework that allowsfor
any number of driving variablesaffecting land usechange
to be included. The framework aso has the ability to
quantify the relative influence of each driving variable
on the process of land use change. This latter featureis
important because similar driving variables of land use
change are in operation in many locations but their
relative influence on land use change differs depending
on the circumstances peculiar to aregion.
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Modelling land use and cover dynamics

Spatial modelling

Spatial modelling of land use change has been ap-
proached differently by various researchers in the past.
Therearethree main approacheswhich can be classified
as ecological, statistical and mathematical, and can be
illustrated by the following three studies. Constanza et
a. (1990), taking the ecological approach, developed a
Coastal Ecological Landscape Spatial Simulation model
which predicted habitat changes in Louisiana based on
natural and anthropogenicinduced changesto water and
nutrient levels. Thismodel usesagrid of cellswith state
equations describing the interaction of water and nutri-
ent fluxes between adjacent cells. Vegetation succes-
sion ismodelled using a set of temporal ruleswhere the
state of the plant community changes if environmental
conditions (e.g. salt concentration) are altered.

Turner (1991), using a statistical approach, devel-
oped a simulation model of land-use change. She com-
bined first-order Markov land-use transition probabili-
tiesand theinfluence of acell’ snearest eight neighbours
onits probability of changing land use states. Probabili-
ties were derived empirically using a land use change
analysis. She found that this model performed better
than land use change models that only used Markov
transition probabilities.

Cédllular automataare mathematical objectsthat have
been studied extensively in mathematics, physics, com-
puter scienceand artificial intelligence (Gutowitz 1991),
athough until recently they were best known as games
(Gardner 1970). A cellular automaton consists of an
array of cells in which each cell can assume one of k
discrete states at any one time. Time progresses in
discrete steps and al cells change state simultaneously
asafunction of their own state, together with the state of
the cells in their neighbourhood, in accordance with a
specified set of transition rules. Transition rules can be
either qualitative, quantitative or both. Engelen et al.
(1995) used a cellular automaton to model land use
changes on Caribbean islands. They developed a series
of historical land use change maps used to formulate a
set of growth rate rules for the cells.

Four classes can be distinguished: ‘spontaneous
growth’, ‘diffusive growth’, ‘organic growth’ and ‘fa-
cility-influenced growth’. ‘ Spontaneous growth’ mod-
els the nearest neighbour’ s influence on adjacent cells;
‘diffusive growth’ applies to areas that are suitable to
alow for development; ‘organic growth’ allows cur-
rent use locations to expand outwards; ‘facility-influ-
enced growth’ is based on the general influence of
existing facilities on development of the area. In prac-
tice the description of the change in land use can be

further summarized by rules describing both the posi-
tiveand negativeeffects(e.g. Engelenet al. 1993; White
& Engelen 1993).

Physiographic units: The creation of diversity and the
emergence of patterns

Cellular automatahavethe capacity to organize space
at amacroscopic scale, although transition rules operate
at avery local scale. Geographical clusterscan begener-
ated that are redlistic in terms of their size, spatial
distribution and socio-economic composition (White &
Engelen 1993). The modelling approach based on
physiographic units differs from the cellular automata
one. Inasenseit ismore ‘ process-oriented’ and instead
of generating geographical clustersfromthemicroscale,
it aimsto directly describe the modifications of the exist-
ing geographical clusters. Nevertheless, it hasto be noted
that such modifications could originate different type of
clustersthrough mechanisms of ‘ morphogenesis' similar
to the ones that induce the emergence of patterns in
cellular automata. Another reason for looking for aggre-
gation is that tempora evolution, in the rea world,
hardly continues with small and equal time steps; in-
stead it is based on discrete events determined by the
over-crossing of certain threshold values.

Based on the morphological substrate and the land-
scape units, a fully integrated landscape spatial model
can be implemented from a‘division’ of the study area
obtained through the identification of uniform physio-
graphic units. Each physiographic unit, or ‘object’, will
contain a‘copy’ of individual unit models. Unit model
equations can be integrated into a variable-scale spatial
grid fitted to the dynamics of each single unit. Different
levels of aggregation of these unit models can be evalu-
ated to determine an optimal compromise between ac-
curacy and managesbility. The models of theindividual
units can themselves be cellular automata with a vari-
able degree of discretization (Fig. 3). The more recent
initiativesin the characterization of wetland areasin the
Mediterranean (Farinha et al.1996) can provide the
fundamental classification schemes for the identifica
tion of the physiographic units. To them, by using the
peculiarity of coastal zone systems, we add the func-
tional characterization, i.e. the process description.

The behaviour of a physiographic unit based land-
scape model could be examined in theoretical terms. A
possibility is to focus on classes of generic ‘behaviour
rules (Table 1), which necessarily are more articulated
than the ones for cellular automata. Without going into
too much detail, we can look at such an approach as an
intermediate sol ution between uniform-spatial-scale’ proc-
ess-based’ landscape modelling and ‘ cellular automatal
wherefor each spatial cell the ‘rules of transition’ from
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Fig. 3. Variable discretization.

one state to another are specified. In other words, in the
cellular automaton higher-level aggregations are char-
acterized by comparatively more complex behaviour.
Physiographic units maintain, in themselves, both a
description of the specific resources and the description
of the uses of such resources.

We hereby consider the physiographic unitsasbeing
spatially delimited by constraints. These constraintscan
changeover time, sometimesquiterapidly, inrelationto
the occurrence of extreme natural events and in rela-
tion to human interventions. For a spatially distributed
system, multipleequilibriain land cover (and land use)
are possible, even in the long term, meaning that the
timing and character of events and interventions deter-
mine the succession outcomes. In the context of the
physiographic unit approach to modelling, we basi-
cally distinguish between natural, rural and urban sys-
tems, thus reproducing what is the result of the obser-
vation of the coastal area. A natural areacan be defined

Table 1. Generic behaviour rules for physiographic units.

asan areacharacterized by spontaneous devel opment of
the (eco)system. A rural environment can be defined as
characterized by cultivated soils, while the urban envi-
ronment is characterized by built up areas. Inaway this
grouping represents a classification of the human influ-
ence in the coastal zone.

A physiographic unit ‘adapts’ to the presence of
another physiographic unit in away similar to that of a
living organism adapting to itsenvironment. The coastal
environment is assumed to consist of large numbers of
physiographic units that have many states of (tempo-
rary) equilibrium. The coastal environment is thus as-
sumed to be multistablewith large numbers of possible
attractors for the state variables. Whether because the
primary links between the physiographic units are few
by definition, or because equilibriain the physiographic
units are common, the interaction between physio-
graphic unitsis assumed to be weak and apparent only
in the long term or during extreme events. In common
with living organisms, the physiographic units will
adapt to their environment by providing second-order
feedbacks that veto al states of equilibrium except
thosethat leave each defining variablewithinits proper
limits. The defining variables are those which charac-
terize the physiographic unit (e.g. the area of abarrier
island cannot be less than zero, the elevation of a
marsh could be less than zero with respect to mean sea
level by not less than the minimum tide level in the
long term, etc.).

Continuing with the details, we further distinguish
between the structural dimension basically related to
the relationships, on ageographical basis, between the
various components of the coastal system and the
functional dimension basically related to their internal
behaviour. In other words, the structural dimension
concerns the description of land use and cover while
thefunctional dimension concernstheinternal dynam-
ics. The focus is on the size of- and the possible links
with- and within the constituent elements.

Aspect Description

Diversity
Aggregation

Mechanism to create diversity

developmental processes
Relationship
Pattern formation
Transition rule
Splitting
Genetics

Spatial character
Multiple characters
Formation rule

Higher level of differentiation

Formation of a higher-level reproduction unit

Theability to formahigher level unit consisting of an ensembleof theoriginal units, stable at each instant and also through

Formation of a syntactic rule from complex mutual relationship

Formation of a unit to separate it from outside

Formation of discrete states leading to unit types, and also analogue modulation of the state

Recursivity of a state, preserved by the reproduction

Hierarchy of differential process, characterized in the course of time and also in the ‘phenotype space’, i.e. a space
representing some kind of ‘genetic’ characteristics

Mechanism to map the global information to each individual unit
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Thestructura dimensionischaracterized by compo-
sition (where each component ischaracterized by: socio-
economic variables, ecological variables, physical vari-
ables and chemical/biologica variables) and by mor-
phology (defined by the horizontal dimensions and by
vertical dimensions, that basically follow natural dy-
namics induced by more or less natural forces). In the
horizontal dimension shapesand patternsemerge (physi-
cal boundaries), wherefor themorenatural physiographic
units such boundaries can undertake a morphological
evolution (i.e. they can shift, change, appear or disap-
pear) and for themoreartificial physiographic unitsthey
are constrained by current land uses. In the vertical
dimension land elevation is determined, affected by
inorganic sediment supply aswell asby new soil formed
by the degradation and compaction of organic soil.

The functional dimension is characterized by inter-
nal dynamics, for each one of the variables — socio-
economic dynamics, ecological dynamics, physical dy-
namics and chemical/biological dynamics— and by the
links (between the various systems) driven or affected
by natural forces and human activities. The links repre-
sent the ‘active’ part of the spatially distributed model
construction. Six main classes of ‘links between the
various physiographic units have been identified in the
natural, rural and urban systemsbased onthe‘ exchange’
of water, sediment, salinity (Capobianco & Otter 1996).
Water, sedimentsand salinity are chosen hereasstarting
pointsfor the description of the natural functioning of the
coastal zone system, as they can be considered as being
characteristic of the main coastal zone processes. The
interactions between these three groups of processes de-
termine the coastal zone regime, which isresponsiblefor
the vertical and horizontal distribution of interfaces.
Management of the coastal zone must begin by the
acknowledgement of the relative importance of the
different processes controlling its geomorphol ogy and
by adjusting the objectives of the management to the

Attribution
of Values

J s

Human activity

Operational Management

Administrative Changes
Legislative Changes

Fig. 4. Integrated conceptual model from alarge-scale view.

\_> Coastal Plain </

foreseeablegeomorphological changesat different scales
of time.

An aggregated conceptual model

More specifically, water representsthe main driving
factor for coastal zone dynamics at all scales. Sediment
constitutes the fundamental ingredient for the morpho-
logical evolution of the coastal zone, while salinity
represents one of the regulating variables for the eco-
logical components. Basicaly it indicates the interface
between fresh-water (river) and salt-water (sea).

On a large scale we can introduce a conceptual
model such as that of Fig. 4, where the most important
morphological aspects are considered. In this case we
can consider the fringe and the plain to be ‘very large-
scale physiographic units'. Such assumption is particu-
larly justified by the fact that the horizontal boundaries
of the coastal plain are, to alarge extent, determined by
land use considerations. In our tempora frame of inter-
est (30-50 yr) the control on elevation of the plain area
for primary (productive) activities aswell asthe control
on extension of thefringeareafor tertiary activities(e.g.
tourism) are of primary importance. In other words the
wholemodelling problemis’ reduced’ tothedescription
of the vertical dimension in the plain area and the
horizontal dimension in the fringe area.

The coastal plain is considered as being a ‘river-
dominated’ area(i.e. thedynamicsare dominated by the
dynamicsof theriver), at least potentially giventhehigh
artificial character; the coastal fringe is considered as
being a ‘sea-dominated’ area (i.e. the dynamics are
dominated by the dynamics of the sea). Where human
activities have low impact, land cover is determined by
biophysical energy flows and the state characteristics
that these forcesinfluence. Geomorphol ogical variables
generally constrain and condition land use at most of the
time scales over which land use changes, and thisisan
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important element to beincluded in model s of land-use
potential. While it could be considered that socio-eco-
nomic conditions are probably more important in deter-
mining the land use change decisions, we should not
forget that geomorphology actually determines the ac-
tivities connected to the particular forms of land use.

A higher concentration of natural systemsis found
in the fringe area. A possible exception that can be
considered, at least for the rural system, isthe presence
of fisheries. On the other hand, there is a predominance
of rural systemsin the plain. Theriver is considered in
this scheme as one of the natural forces. Many human
activities are devoted to the management of the flows of
water, sediment and salinity (see Table 2).

The definition of regimes (for water, sediment and
salinity) represents a simple way of summarizing the
conditions to which a site is exposed during a certain
period of time (e.g. a year). As far as modelling is
concerned, the definition of classes allows for the for-
mulation of models and for the formulation of the de-
scription of the forces. We distinguish classes such as
(1) periodica forces, (2) random short-term, (3) random
short-term periodical, (4) random seasonal, (5) random
periodical; (6) periodical is understood in relation to
river discharge regime, or tidal character, or wave cli-
mate or management practices. Such conditions are of
fundamental importance in determining the vegetation
characteristics, morphology and, in the ultimate analy-
sis, the dynamic character of the physiographic unit.

Itisof particular interest toidentify thoseboundaries
that are mainly driven by natural forcing factors (e.g. an
exposed beach, or adune) and those boundariesthat are
mainly driven by human activities (e.g. dike or embank-
ment construction). Of course, the first boundaries are

Table 2. Intervention strategies.
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subject to change because of long term morphological
and ecological processes, while the latter are subject to
change because of human actions. Even the spatial
characteristics of the two types of boundary are quite
different: the natural ones are very irregular and the
artificial onesmuch moreregular —e.g. seeFig. 5, where
asimple schematization of alagoon areainthe Po Delta,
Italy is presented.

Asan additional consideration concerning processes
and boundary conditions we draw attention to the fact
that human activitiesareregulated, or at least influenced,
by planning acts. Or, where specific planning acts are
missing, by thelegislation and the regulatory frame-
work. The physiographic unit approach can be useful in
managing provisions of different overlapping planning
acts. Eventually, in the full application of the concept, all
the Acts will be characterized by their effects on the
internal dynamics of each physiographic unit and by
their effects on the dynamics of the ‘links (water,
sediment, salinity).

Application of the modelling framework

Interventions

Land use in the coastal zone includes a number of
activities and management practices that can have great
consequences for the functioning of the whole coastal
zone. Many human activities in the coastal zone influ-
ence, or are even focused on, the management of natural
coastal zone processes which make the activities (use of
the coastal resources) possible in the first place (e.g.
drainage of water in low-lying areas). Some sectoral

Interventions Water Sediment Salinity
Operational « Management of the irrigation system (pumping) « Dredging « Control of the salt-water
management * Management of the drainage system (pumping) * Management of intrusion according to
upstream dams tidal conditions

* Management of the sewage system (pumping)

Maintenance * Maintenance of the hydraulic network
(new pumping systems)
Structural ¢ Changesin the hydraulic network
interventions (new pumping patterns; new dikes)
Land use ¢ Changesin the physical boundaries
changes of natural/rural/urban systems

Administrative .
changes

Changes in the boundaries of natural/
rural/urban systems

Management of pumping systems

Beach nourishment and
re-nourishment
Dredging

Wetland creation

Dune creation

Controlled distribution .
under flooding conditions

Changes in the groundwater
pumping/welling system

Changes in the physical .
boundaries of natural/
rural/urban systems

Changes in the physical
boundaries of natural/
rural/urban systems

Changes in the boundaries .
of natural/rural/urban systems

Changes in the boundaries
of natural/rural/urban systems
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Agricultural
Fields

Irrigation

Fig. 5. A complex lagoon system
in the Po Delta.

management practices may lead to a worsening of the
natural (or man-induced) problems, e.g. groundwater
pumping with the resulting saline intrusion. In general
we can consider the external natural environment and
the management tasks as being those factors that actu-
aly trigger changes.

Interventions can be defined in terms of the decision
aswell astheinfluencing factorsthat might affect water
and sediment fluxes and salinity modifications. Practi-
cally speaking, management practices are exerted in
terms of:

e control actions
e congtraints
» conditioning actions

Spatial scalesof intervention arefromlocal to general
and temporal scales of intervention from event-based
to continuous. A classification exercise can aso be
attempted in this case in relation to specific coastal
zone management tasks and with the extent of the area
subject to management. As Table 2 suggests, we have
aformidable set of processes able to drive and trigger
changes in the coastal zone, even without going into
details of the specific actions but simply looking at the
impact of such actions on the dynamics of water, sedi-
ment and salinity. What isimportant to remember hereis
that such information must be geographically referred.

Valle
Boccavecchia

Adriatic Sea A
N

Barrier Islands

"Morphologically Active"
Boundaries

Caleri Mouth

"Natural" System
"Urban" System

-

Albarella
Island

Valle |
Capitania

Levante Mouth

Artificial System

Influencing factors and decisions determine interven-
tions on the coastal system. Such interventions affect
the dynamics of sediment, water and salinity, both
between and within the physiographic units. Physio-
graphic units ‘react’ to such dynamics with their own
internal dynamics which determine an evolution of the
land cover, changes in the ‘values attributed to the
natural system, to the activities and to the land-use
system.

Practically, human interventions can be specified in
terms of:

« Listof values... (drained, diked, ...)

« Areassubject to... (limitsin pumping capacity, lim-
itsin dike height, limitations of use, ...)

+ Fluxes of ... (specification of the flux of water,
relationships with land use and natural events, ...)
Most of such interventions will be related to the

management practices. The operational management,
maintenance and structural interventions can also result
from the need to counteract a certain RSLR under a
given management scenario, e.g. amount of water to
pump and height of the dike. Legislation changes, as
well as cultural modifications can themselves lead to
specification of regulatory constraintsfor such manage-
ment practices.
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Basic issues and the definition of a minimal model

The net result of our conceptual effort is a set of
fundamental ‘building blocks for the construction of
models of relationships in a coastal zone environment.
Using such tiles we can reshape one or more simulation
models according to specific questions and/or to sce-
narios. Thetypeof questionsbasically correspondtothe
investigation of the reasons that make, for example, the
Po Deltaattractivein spite of thefact that it isto alarge
extent below mean sea level. Some examples:

« Suppose we have a certain land use and a certain
ongoing management practice. What are the costs of
maintai ning such land use structure under scenarios
of relative sealevel rise (RSLR)?

« Supposethereisacertainlong-termobjective. Which
are, under various scenarios of RSLR, the modifica-
tions of land use most likely to happen?

In the simplest situation we can consider a certain sce-

nario for the natural forces and examine the benefits

following a certain land use pattern. We can contribute
in such away to the investigation of:

« the main driving forces and constraints that influ-
ence land managers to maintain or change land use
over time;

« the mechanisms and processes by which land man-
agersdevel op aland-use system, defined in terms of
an operation sequence, and the ways their purposes
are trandlated into action;

« theeffectson land cover (e.g. the spatial appearance
of the physiographic units) of the application of a
land use type (e.g. agriculture) over time, and the
feedback of these consequences to land uses and
their driving forces.

Thiswill alow the undertaking of comparative studies

of coastd land-use/cover dynamicsusing common protocols

and standardized terms, measures and indicators of land
use and itsdynamics. These will likely include:

« Transdisciplinary classification of the coastal zone;
the evaluation of the multifaceted sources of the
problem require a classification based on criteria
with priority other than those given by one single
discipline.

« Uncertainty in the recognition and definition of the
‘problem’; recognition of the existence or of the
possible occurrence of a problem requires technical
developments, the understanding of ongoing proc-
esses, as well as the ‘perception’ of it as being a
problem.

« Uncertainty in the identification and implementa-
tion of the ‘solution’; the identification of the solu-
tion to a problem requires technical capability, as
well asthe acceptance of it as being asolution given
anumber of constraints.

« Predictability of coastal morphological changes; the
degree of predictability and/or the limitations to the
predictability of coastal morphological changes
should be identified.

The timing of human interventions as well as the
spatial distribution of human intervention, their effects
and their planning should be considered.

In the simplest cases, a model, such as shown in
Fig. 6, alows us to consider the integral dynamics
between plain and fringe and, what is particularly im-
portant from an end-user’s point of view, alow us to
takeinto account such processes as competition for land
uses between plain-related uses and fringe-rel ated uses.
Suppose we have at our disposal a ‘synthetic delta’,
basically corresponding to the structure of Fig. 4, where
the most important morphological parameters are the
horizontal dimension (i.e. thewidth of the beach) for the
fringeand thevertical dimension (i.e. the soil elevation)
for the plain (see Capobianco & Otter 1996). The model
considers the simulation of:

* Inorganic sediment supply from the river (depending
on distance from the river, physical characteristics
of the site, current elevation level (the higher the
elevation, the less the sediment supply). The sedi-
ment supply is described with a yearly periodical
Poisson function (giving ‘pulsing’ events).

* Position of salt-water table in the soil with respect to
the free surface, which means that the higher the
sat-water table, the less salinity effect isfelt by the
vegetation. Position of the salt-water table depends,
in a non-constant way, on evapotranspiration, thus
increasing the salinity-induced limitation to growth
during the summer period. Dynamics are related to
elevation changes with respect to subsidence; the
speed of salt-water intrusion is related to the dis-
tance from the sea according to adistance factor and
to an ‘angle of intrusion’.

» Subsidence causes a displacement of the free surface
level (of the elevation with respect to the original
reference) but also induces salt-water intrusion.

* Therelative accretion of the beach is obtained through
the ‘unmanaged’ sediment not remaining in the
coastal plain and not lost in the sea (the available
sand-fraction), while erosion is very crudely com-
puted by using a modification of a geometric rule
(the so-called ‘Bruun’ rule).

/ :l: MSL

] <>

River NN <l Plain  Fringd

Plain Fringe
Fig. 6. ' Synthetic delta’ model.
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The width of the fringe influences the salt-water
intrusion in the plain areathusintroducing an important
feedback mechanism.

In this example, control exerted on water fluxes can
be seen as the currently undertaken management prac-
tice (e.g. irrigation practices).

As a second choice it is possible to act on the salt-
water intrusion by following one of two approaches.
The first approach is to use freshwater to force a
lowering of the salt-water table, but the period when
this is more necessary is the same period when fresh-
water is less available. The second approach is to use
artificial means to limit salt-water intrusion during
high tide along adjacent river branches. However, the
best approach to keep salt-water away from the areais
simply to increase the horizontal distance from the sea
(e.g. by well-planned reclamation interventions and/or
moving human activities areas further away). This
consideration opens the link with a simplified fringe
model where an increase in fringe width induces a
reduction in speed of salt-water intrusion. The salt-
water intrusion factor also introduces elements of
spatial variability and formation of patterns.

A possible alternative management practice could
consist in the modification of the type of vegetation. In
a natural environment this can be the result of natural
succession, whereasin arural environment thiscan only
follow a specific decision to rotate production. Inthe first
case we assume that there is an autonomous adaptation
to changing (sdinity and elevation) conditions. In the
second case such adaptation could be made artificialy;
while it will certainly result in being an expensive
operation. It may be possible to extend in time the
productive period of the areaby use of these adaptations
— see Fankhauser (1995) for a comprehensive discus-
sion on the problem. In other words, it is possible to
enlarge the ‘ sustainability window’.

Properties of the minimal model

A continuous bal ance between uses and resourcesin
the coastal zone exists, affected by human activitiesand
natural forces. The secret of success of an Integrated
Coastal Zone Management program liesin an ability to
sustain uses and resources under possible scenarios of
natural and socio-economic change. A suitable under-
standing of the internal dynamics as well as an under-
standing of the mechanisms driving change is a neces-
sary prerequisite.

In our minimal model of adeltaic system, on atime
scale of interest of 30-50 yr, we can distinguish avariety
of processes evolving differently in time. We have proc-
esses evolving continuously, processes evolving with
random pulsing events (generally with a character of

seasonality) and processes changing at discrete times
(also with apossible seasonal character). From the point
of view of the deltaic fringe the interest is that of
keeping acertain minimum horizontal dimension (beach
width), while from the point of view of the deltaic plain
theinterest isto keep acertain minimum elevation (e.g.
to guarantee the necessary substratum for agriculture).
However, simulations show that the net result is a
system working around an unstable equilibrium be-
tween natural forces and human induced actions and
constraints. Interestingly, the examination of the con-
ditionsinducing atransition of a‘dynamic regime’ of
thedeltaic system (e.g. transition from an accretingto an
eroding beach, from freshwater-dominated to salt-water
dominated conditionsin the plain, etc.).

The general observation we can draw hereisthat the
decision to favour a human related direction of change
with respect to natural changes may only have alimited
sustainability in time according to (socio-economic) val-
uesthat are also subject to continuous changein time.

Summary and Conclusion

The planning of Integrated Coastal Zone Manage-
ment actions asks for spatially distributed modelling.
The constituent objects on are so-called physiographic
units, which are the fundamental spatial objectsfor the
description of land cover and land use structure. For
management decisions, therole of the spatial complex-
ity should not be underestimated, because it is funda-
mental for the evaluation of changes on time and space
scales relevant to land use planning and management.
Themorewe aggregatein space, thelesstheresultsare
useful for determining actual management actions.
The progress in long-term modelling of land use and
land cover changein the coastal zone, is stimulated by
adopting a conceptual framework which can embrace
al the data and experience concerning the coastal
system of interest. Deltaic areas are a particular case
here.

The approach can be structured into a model-based
Decision Support System, coupled with a Geographic
Information System technol ogy which represent the state-
of-the-art of decision support tool sin environmental man-
agement. The modelling framework will alow for the
identification of what is most likely going to happen
under given scenarios of change. At same time it will
dlow for the verification of the impacts of possible
management practices and/or policy options. Integrated
modelling will eventualy play an important rolein char-
acterizing the degree of sustainability of a certain man-
agement policy aswell asthe impact on sustainability of
a specific intervention (Capobianco et al. 1999).
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