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PROPOSITIONS
I.J. Zsuffa
Multi-criteria decision supportfor therevitalisation ofriver floodplains.
Doctoral Dissertation: Wageningen University, TheNetherlands, 8January2001.
1. The development of typical,rich anddiverse biota ofriver-floodplain systems is
based on the coexistence of two main biotopes: the lotic river channel system,
and the lentic cell-system. This implies that ecological revitalisation projects
should put equal emphasis onthedevelopment ofboth these systems.
Thisthesis
2. The key to ecological revitalisation ofriver-floodplain systems is improving the
water regime, since this is the most influential abiotic factor and furthermore,
the water regime has undergone serious deterioration from the point of view of
ecology duetothe different interventions intotheriver system.
Thisthesis
3. Vegetation models applied for impact assessment in river-floodplain
revitalisation projects should preferably be physiologically-based models, since
regression-based conditional models are inevitably specific to the existing water
regime,which ishowever subject to modifications.
Thisthesis
4. Genetic Algorithms based search techniques enable the application of impact
assessment tools of any kind, ranging from simple equations to complex
numerical models. The onlyconstraining factor isthe calculation speed of these
tools, however, the rapidly increasing capacities of computers are gradually
eliminating this problem.
Thisthesis
5. It is time to get rid of the illusion that one day scientists will come up with a
technique that locates thebest compromise solution for a multi-criteria decision
problem without demanding that decision makers get thoroughly acquainted
with thegiven problem.
Thisthesis
6. The river Danube consists oftwo-thirdswater and one-third fish.
Medieval Hungarian saying
7. The crucial question posed to human beings is as follows: are you ready to face
eternity ornot? This isthecriterion for our life.
C.G.Jung. VonSchein undSein. Walter VerlagJ990.

SUMMARY
Zsuffa, I.J. 2000. Multi-criteria decision support for the revitalisation of river floodplains.
Doctoral Dissertation, Wageningen University, TheNetherlands.

Ecological revitalisation of river floodplains has become a very actual issue worldwide. It has
been recognised that floodplains have the potential to become ecologically very productive
areas inhabited by many valuable and rare species. Floodplains also play an important role in
regional and even in continental context. Namely, beyond their own ecological values
floodplains arealso important asfar asmigration and spreading of species are concerned.
Only very few natural floodplains have been left along the major regulated rivers of Europe.
Thus, revitalisation of the existing ones has a special importance. Some of the revitalisation
objectives can be achieved by means of administrative measures but there are several
problems, which need active engineering intervention. These problems to be remedied are the
results of adverse changes in hydrological conditions, which are the most influencing abiotic
factors for floodplain ecosystems. The general problem of desiccation for example has been
caused by the decreasing water levels in the rivers, following widespread river training since
the 19th century.
Thus, the key to ecological revitalisation of river floodplains is improving the water regime.
This isproposed to be implemented bytransforming the water conveyance infrastructure inan
appropriate manner. Measures like enlarging and/or narrowing floodplain-channels, erecting
summer dikes, installing and operating sluices are envisaged for this purpose. Because of the
requirements of flood control, navigation and land uses,and also because of conflicts between
the envisaged ecological objectives, floodplain revitalisation is inevitably a decision problem
with conflicting multiple objectives and multiple stakeholders forming a Decision Making
Group (DMG). The task of the DMG is to identify a compromise solution, with satisfactory
achievements ofall objectives.
This dissertation hasbeen conceived astodevelop acomputer based Decision Support System
(DSS) that assists the DMG in searching for compromise solutions for the ecological
revitalisation of river floodplains. The search takes place in a discrete decision space where
the alternative solutions are specific combinations of water control measures mentioned
above.
The proposed DSS is based on the Evolutionary SEquential Multi-Objective Problem Solving
(ESEMOPS) method developed by Bogardi & Sutanto [1994]. ESEMOPS actually solves a
series of surrogate optimisation problems. These surrogate problems seek a minimum of the
deviations between the actual aspiration levels of the DMG regarding the individual
objectives and their respective achievements through optimisation. It is important to
emphasise that surrogate optimisation problems are not substitutes for an explicit expression
of the DMG's preference function. By comparing and analysing the solutions of these
problems the DMG only gains information concerning the set of feasible solutions, and learns
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about the interrelationships (trade-offs) between the applied evaluation criteria. These
interrelationships are estimated by alternatively treating some objectives as constraints thus
enforcing their achievement. On the basis of intermediate results, the DMG modifies its
preference structure (by modifying the aspiration levels) and repeats the surrogate
optimisation processes. This iterative-interactive search goes on until the DMG declares a
certain solution asthe best compromise solution for the given problem.
Surrogate optimisation problems are solved with the help ofaGenetic Algorithms (GA) based
search technique. The major advantage of GA is that it relies exclusively on information
already available in the input (population of alternative solutions), and output (surrogate
objective values) of criteria evaluations throughout the search towards the optimum of the
actual surrogate problem.
During each GA run a high number of alternative solutions has to be evaluated according to
the selected criteria. Criteria evaluation is carried out with the help of a complex modelling
system. The most important module ofthis system is ahydrodynamic model, which enables to
simulate the water regime on the floodplain. The applied model is called FOK, which has
been developed by the author. FOK belongs to the family of unsteady cell-type floodplain
models. Its most pronounced feature isthe extremely high simulation speed, which is required
by the DSS in order to complete the GA searches within reasonable time limits. The high
calculation speed has been achieved with the help of adaptive time step and model
configuration control and with that of applying pre-calculated 'delivery functions' for flow
calculations in the floodplain-channels. FOK is also enabled to cope with supercritical flow
conditions, which may frequently occur in such channels.
Output of the FOK model (water level time series on the floodplain) are input for ecological
models, which help to estimate the achievements of ecological criteria. Ecological models
embedded into the DSS are ranging from the physiologically based MEGAPLANT model
[Scheffer et al, 1993] simulating the growth of water plants to habitat evaluation models for
fish and for waders. These habitat models have been formulated by adopting existing habitat
modelling approaches to the unsteady hydrological conditions of floodplains.
The DSS has been tested on a case study problem. The selected area is a sub-system of the
Danube riparian Gemenc floodplain in Hungary. The identified ecological objectives prescribe
the improvement of conditions for typical alluvial wet ecosystems. Special attention ispaid on
improving habitat conditions for fish and for waders like the famous black stork (Ciconia
nigra). The set of criteria formulated for the ecological objectives have been supplemented
with criteria representing cost minimisation and timber production. This latter is an important
economical use of the area, which has to be taken into consideration in the future as well.
After identifying the decision and criteria spaces a decision making 'game' has been played
with the help of the ESEMOPS based DSS. The purpose of the game was to locate a best
compromise solution according to the foreseen preferences of a potential DMG dealing with
the revitalisation of the Gemenc floodplain.
It can thus be concluded that developing such a DSS is quite an interdisciplinary task
involving the disciplines of ecology, fluid mechanics, numerical modelling, statistics and
operations research. Accordingly, the key contribution of the present dissertation is the new,
interdisciplinary concept that forms the basis of the proposed DSS. The major challenges that
had to be faced during the development of the DSS were selection, adaptation and integration
oftechniques from the different disciplines.
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Zsuffa, I.J. 2000. Multi-criteria decision support for the revitalisation of river floodplains.
(Multi-criterium beslissingsondersteuning voor het herstel van uiterwaarden) Proefschrift,
Wageningen Universiteit, Nederland.

Het ecologische herstel van uiterwaarden iswereldwijd een zeer actueel onderwerp geworden.
Inmiddels wordt erkend dat uiterwaarden potentieel waardevolle ecologische gebieden zijn,
waar veel nuttige en zeldzame soorten kunnen voorkomen. Uiterwaarden spelen ook een
belangrijke rol in regionaal en zelfs in continentaal verband omdat naast de ecologische
waarde, uiterwaarden ook belangrijk zijn voor demigratie en verspreiding van allerlei soorten
planten en dieren.
Er zijn heel weinig natuurlijke uiterwaarden langs de gereguleerde Europese rivieren
overgebleven. Herstel van de bestaande uiterwaarden is dan ook van groot belang. Een
gedeelte van het herstel van de uiterwaarden kan met behulp van administratieve maatregelen
bereikt worden, maar er zijn verscheidene problemen waarvoor technische maatregelen nodig
zijn. Deze problemen zijn het gevolg van veranderingen in het hydrologische systeem, de
meest invloedrijke abiotische factor voor rivierbegeleidende ecosystemen. Het belangrijkste
probleem bijvoorbeeld, verdroging, is veroorzaakt door het dalende water niveau in de
rivieren, wat een direct gevolg is van regulering en kanalisering van de rivieren sinds de 19e
eeuw.
De voornaamste voorwaarde voor het ecologisch herstel van de uiterwaarden is dus de
verbetering van het water regime. Deze verbetering kan bereikt worden door veranderingen
van de waterleverende infrastructuur. Maatregelen die genomen moeten worden zijn onder
andere de vergroting en/of versmalling van de kanalen, het bouwen van zomerdijken en de
installatie en het operationeel maken van sluizen. Vanwege de vele eisen met betrekking tot
scheepvaart, land gebruik en verdediging tegen overstromingen, is het herstel van
uiterwaarden een beslissingsprobleem van verschillende belangengroepen met conflicterende
doelen, die samen een Beslissings Groep (BG) vormen. De taak van de BG is een compromis
te vinden metbevredigende oplossingen voor alle doelen.
Het doel van dit onderzoek is een computergestuurd Beslissingondersteunend Systeem (BS)te
ontwikkelen, die de BG helpt bij het zoeken naar goede oplossingen voor ecologisch herstel
van de uiterwaarden. Dit zoeken vindt plaats in een discrete beslissingsruimte waarbij de
alternatieve oplossingen bestaan uit bepaalde combinaties van de hierboven genoemde
maatregelen ophet gebied vanhet Waterbeheer.
Het voorgestelde BS is gebaseerd op de Evolutionary SEquential Multi-Objective Problem
Solving (ESEMOPS) methode van Bogardi & Sutanto [1994]. ESEMOPS lost een serie van
surrogaat optimaliserings problemen op. Deze problemen zoeken het minimum van de
afwijking tussen de werkelijk gewenste niveaus van de BG met betrekking tot de individuele
doelen en de respectievelijk door optimalisatie verkregen resultaten. Het is belangrijk te
benadrukken dat de surrogaat optimaliserings oplossingen geen vervangers zijn voor de
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voorkeur functie van de BG. Door vergelijking en analysering van de oplossingen van deze
problemen, verkrijgt de BG slechts informatie over de set van haalbare oplossingen, en krijgt
inzicht in de onderlinge relaties (trade-offs) tussen de gebruikte evaluatie criteria. Deze
onderlinge relaties worden geschat door een aantal doelen te behandelen als beperkingen en
zodoende hun haalbaarheid te verzekeren. Op grond van tussentijdse resultaten wijzigt deBG
zijn preferentie structuur (door wijziging van de streefniveaus) en worden de surrogaat
optimalisering procedures herhaald. Dit iteratief - interactief onderzoek gaat door tot de BG
verklaart dat een bepaalde oplossing het beste compromis isvoor een probleem.
De surrogaat optimaliserings problemen worden opgelost met behulp van een op de
Genetische Algoritmen (GA) gebaseerde zoektechniek. Het belangrijkste voordeel van GA is
dat tijdens het zoeken naar het optimum van het actuele surrogaat probleem slechts gewerkt
wordt met beschikbare informatie uit de input (populatie van alternatieve oplossingen) en
output (surrogaat waarden) van decriteria evaluatie.
Tijdens elke GA berekening worden een groot aantal alternatieve oplossingen volgens de
vooraf bepaalde criteria gewaardeerd. Deze waardering wordt uitgevoerd met behulp van een
complex modelleringssysteem. De belangrijkste module van dit systeem is een
hydrodynamisch model dat de simulatie van het water regime in de uiterwaarden mogelijk
maakt. Het toegepaste model is door de auteur ontwikkelt en heet FOK. FOK behoort tot de
familie van variabele eel-type uiterwaarden modellen. Het bijzondere kenmerk van FOK isde
zeer hoge simulatie snelheid, die nodig is voor het BS zodat de GA berekeningen binnen een
redelijke tijd voltooid kunnen worden. De hoge berekeningssnelheid is mogelijk door de
zichzelf aanpassende tijdstappen, controle van de modelconfiguratie en door toepassing van
de voorberekende 'delivery' functies voor de doorstroom berekeningen in de kanalen. FOK
kan ook super kritische stroming berekenen die vaak voor kunnen komen in de kanalen in de
uiterwaarden.
Deoutput van het FOK model,een waterstands meetreeks inde uiterwaarden, is input voorde
ecologische modellen die gebruikt worden bij het inschatten van de waarden voor de
ecologische criteria. De ecologische modellen die gebruikt zijn binnen het BS varieren tussen
het fysiologische gebaseerd MEGAPLANT model [Scheffer et «/., 1993], dat de groei van
water-planten simuleert, tot habitat waarderingsmodellen voor vissen en voor waadvogels.
Deze habitat modellen zijn ontwikkeld met behulp van bestaande habitat modellen en dc
variabele hydrologische voorwaarden inde uiterwaarden.
Het BS is in een case studie getest. Het onderzoeksgebied is een subsysteem van het Gemcnc
gebied dat langs de Donau in Hongarije ligt. Het belangrijkste ecologische doel van dit
onderzoek is de verbetering van de condities voor natte rivierbegeleidende ecosystemen zoals
uiterwaarden. De verbetering van de habitat voor vissen en voor waadvogels (zoals de zwarte
ooivaar) is daarbij extra benadrukt. De set van ecologische criteria is aangevuld met Iwee
economische criteria: Minimalisering van de kosten en de mogclijkheid van hout-productic.
Het laatstgenoemde criterium is een belangrijke economische activiteit in het gebied dat ook
indetoekomst nog van belang zal zijn. Na benoemen van de beslissings- en criterium ruimten
is er een beslissings 'spel' gespeeld met behulp van de op ESEMOPS gebaseerde BS. De
bedoeling van dit spel was het beste compromis te vinden volgens de verwachtc voorkeuren
van een potentiele BG, die zich met het herstel van deGemenc bezighoudt.
Er kan geconcludeerd worden dat de ontwikkeling van een dergclijke BSeen interdisciplinaire
opdracht is met disciplines zoals ecologie, hydraulica, numerieke modellering, stalistick en
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operatie onderzoek betrekt. De belangrijkste bijdrage van dit proefschrift is daarom het
interdisciplinaireconceptdatdebasisvormtvanhetvoorgesteldeBS.Degrootsteuitdagingen
tijdens deontwikkeling vanhet BSwaren deselectie,aanpassing enintegratie vanmethoden
uitdeverschillendedisciplines.
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1. INTRODUCTION

1.1 Objective of the study
Due to the global transformation and degradation of the natural environment, ecological
revitalisation has become a very actual issue worldwide. It has early been recognised that
revitalisation of the desired ecosystems has to be dealt with inregional, or even in continental
context. Local habitat revitalisation should be embedded into these larger scale efforts. For
example, migratory fauna need appropriate ecological conditions on their feeding and mating
habitats, but also along their migration routes. Stand-alone, isolated revitalisation sites are
also difficult to be colonised by the desired communities in a natural way, i.e. from other
natural areas. These all turned the attention towards developing connected ecological
networks. Ecological networks consist of generator areas connected to each other by means
of corridors [de Bruin et al, 1987; de Groot et al., 1990]. Generator areas are the most
valuable and productive parts of the network. These are the places where optimal conditions
are provided for the desired species for growth and reproduction. Corridors are less valuable
areas. Their role is to ensure the migration of fauna and the spreading of flora between
generator areas. The latter process also needs the help of transport mediums such as wind and
especially flowing water. River systems thus have the potential to form excellent ecological
networks not just because the river channels mean proper corridors but also because the
floodplains are excellent sites for generator areas due to their very high ecological potentials
[de Bruin et al, 1987; de Groot et al.. 1990]. These high potentials are the consequences of
unrestricted supply of water and nutrients and also of the stimulatory effect of dynamic
hydrological conditions. Ecological revitalisation of floodplains is thus of outmost importance
notjust on local but also on regional and continental scales.
Revitalisation of floodplains is however constrained by the needs and requirements of other
functions such as flood control, navigation and different forms of land uses like agriculture,
forestry and recreation. In addition, the different ecological objectives themselves are often in
conflict with each other. These all mean that floodplain revitalisation is aconstrained problem
with conflicting multiple objectives, wherethetask isto find thebest compromise solution.
Measures for ecological revitalisation may be of two main types: administrative measures and
engineering interventions. Administrative measures are applied inthose cases when restriction
or elimination of certain activities automatically results in improvement of the ecological
conditions, or generates better conditions for further revitalisation actions. Enforcing laws and
rules, controlling different forms of pollution (noise pollution, solid and liquid waste
disposals, etc.) is a typical example for administrative way of revitalisation. Administrative
measures alone are however insufficient in those cases when lasting negative changes have
been taking place in the abiotic environment. These problems need active, engineering
interventions aiming to improve the abiotic conditions for the benefit of ecology. Engineering
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revitalisation of floodplains deals primarily with improvement of the hydrological conditions,
as these are the most influencing abiotic factors for floodplain ecosystems. Improving
hydrological conditions can be achieved by means of local and/or basin wide adjustment of
the water conveyance infrastructure. Installation and operation of flow control structures,
construction or elimination of channels and dikes, river training measures and reforestation
are examples for such interventions.
Deriving the best compromise solution for engineering revitalisation of floodplains isquite an
interdisciplinary task involving several disciplines such as:
1. Ecology: describes the relationships between organisms and their biotic and abiotic
environment.
2. Fluid mechanics: describes the flow phenomena, which are the major abiotic factors for
floodplain ecosystems.
3. Numerical modelling: computer based hydrodynamic and ecological models predict the
effects of alternative revitalisation solutions.
4. Statistics: captures the random behaviour of hydrological and ecological processes,
estimates recurrence probability of certain events.
5. Operations research: searching for the best compromise solution of a multi-objective
problem can be supported by methods ofoperations research.
Because of the very high computational demands, coupling advanced single- or multiobjective search tools with sophisticated hydrodynamic and ecological models has not been
attempted yet, in spite of the ever-increasing calculation speed of computers. Sophisticated
hydrodynamic, groundwater, water quality and ecological models have already been applied in
several floodplain revitalisation studies, even though identification of alternative solutions in
these cases was implemented in a simple trial-and-error manner [Marchand, 1993;
Nachtnebel, 1994;Nieuwkamer, 1995].
On the other hand advanced search tools of operations research (such as linear programming,
dynamic programming, evolutionary algorithms, etc.) have been applied only for those water
management problems, which do not require sophisticated hydrological and ecological
modelling. For example the aforementioned search tools are widely used in the field of
reservoir operation [e.g.: Loucks el al, 1981; Kularathna, 1992; Milutin, 1998], since
modelling the spatial and temporal distribution of water within a reservoir system requires
only simple balance equations.
Having this in mind the primary objective of this study is to create a robust Decision Support
System (DSS) for floodplain revitalisation that is relying on the coupling of sophisticated
modelling and search techniques. The envisaged role ofthe DSS isto support decision makers
in identifying compromise, engineering solutions for the constrained multi-objective problem
of ecological revitalisation of river floodplains. The scope ofthe DSS isrestricted tothe lentic
part of the river-floodplain system, which is characterised by ecosystems adapted to standing
water. Lentic floodplain systems have received little attention so far, as most of the
revitalisation projects have been dealing with lotic ecosystems hosted by flowing river
channels.

INTRODUCTION

It is important to state that this study does not attempt to explore the 'white spots' of fluid
mechanics, ecology and operations research. The most important contribution of this study is
to develop an interdisciplinary concept and use it as a basis for the aforementioned complex
DSS. Accordingly, the major challenges are selection, adaptation and integration of
techniques from the disciplines listed above. Finally, it is also important to state that the
desired DSS is aimed to have an open design, which will make possible to improve it in the
future by integrating new techniques developed within the frame of specialised disciplinary
research programmes.
1.2 Outline of the study
As Figure 1.1 indicates the study starts with three introductory chapters: Chapter 2 describes
the mechanism of hydrological, morphological and ecological processes on river-floodplain
systems; Chapter 3 introduces the mechanism of decision making in floodplain development;
finally Chapter 4 introduces the case study area,reveals its ecological problems and introduces
the other functions ofthe area which constrain the ecological revitalisation.
Chapter 2
Natural processes in
river-floodplain systems

Chapter 3
Decision making in riverfloodplain development

Chapter 4
Introduction of the case
study area

Chapter 5
Problem formulation

Chapter 6
Introduction of the Decision
Support System

Chapter 9
Application of the Decision Support
System on the case study problem

Chapter 10
Conclusions and
recommendations

Figure 1.1 Outline of the study

Chapter 7
Hydrodynamic modelling
Chapter 8
Ecological modelling

Chapter I

Based on the theoretical background and on the revealed problems and constraints, Chapter 5
formulates the general problem of floodplain revitalisation in an engineering-mathematical
way. Revitalisation measures are identified, from which the decision space is to be built up,
within which the decision maker may search for the best compromise solution for the selected
floodplain revitalisation problem. This search is based on evaluation criteria, which are also
identified inthis chapter.
Chapter 6 introduces the mathematical principles of the Decision Support System (DSS) that
has been developed to support the search towards the best compromise solution. Although
hydrodynamic and ecological models are integrated modules of the DSS,yet it isalso possible
to operate them independently from the DSS. Due to this feature, and also because of the
significant differences in principles, these models are treated in chapters 7 and 8 separately
(Figure 1.1).
Finally, Chapter 9 demonstrates how the developed DSS works in the practice. A decision
making process is simulated with the aim to identify a potential best compromise
revitalisation solution for the case study floodplain.
At the end of the thesis aglossary can be found where explanations are given about the special
terms used inthe text.

2. NATURAL PROCESSES INRIVER-FLOODPLAIN SYSTEMS

The purpose of this chapter is to describe natural river fioodplains from the point of view of
all relevant aspects such that morphological, hydrological and ecological processes. However
before going into details it is necessary to define thebasic terms used.
Hydrologists define floodplain as the area, which would be inundated by the design flood of
the river [Zsuffa sr., 1996, pers. com.]. The water level (or discharge) related to the design
flood is specified by means of its probability of occurrence. This definition thus includes not
only thetemporarily inundated terrestrial areas but alsothe river channel(s) and the permanent
standing water bodies,which submerge during such flood.
Ecological definition of Junk et al. [1989] reflects a more general approach, although it is
spatially more restrictive: 'floodplain is the Aquatic/Terrestrial Transition Zone (ATTZ),
which isperiodically inundated by the lateral overflow of rivers or lakes, and/or by direct
precipitation or groundwater'. Thus, permanent water bodies (river channels and oxbow
lakes) are excluded from this definition. Junk et al. [1989] call the union of permanent water
bodies and the ATTZ as the 'river-floodplain system', which is thus equivalent to the
hydrological definition of floodplain.
For this study an intermediate definition has been constructed. Accordingly,floodplain is the
ATTZ of the river together with thepermanent standing water bodies, which would submerge
during the designflood of the river. The term 'river-floodplain system' stands for the union of
the floodplain and theriver channel system.
Note, that according to the above definition, large areas have been detached from the ancient
river-floodplain systems dueto construction of flood control dikes.
2.1

Morphological and hydrological aspects

Morphological and hydrological conditions on fioodplains are highly determined by that of
the adjacent river. Fioodplains are practically absent from the headwaters of the river. Here
the river flows in narrow valleys and the fast flowing water continuously erodes its bed.
Leaving the hilly headwaters, the slope and the velocity of the river drops, which results the
deposition of sediment transported from upstream. This sedimentation process has been
continuously filling up the wide valleys of the river throughout geo-historical times resulting
wide fioodplains between the river and the valley slope. The river is no longer flowing in a
rocky bed but in its own alluvium. The Danube for example becomes alluvial downstream of
Vienna after leavingthe Alps and entering the Kisalfbld fiatland.
Depending on the ratio between erosion and sedimentation, alluvial rivers can either be
braiding or meandering. The river is braiding if sedimentation surpasses the erosion process.
It splits into branches onthe top of thecontinuously aggrading alluvium and creates its typical
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river-floodplain system with many islands, reefs andbranches. AttheKisalfbTd for example
the Danube isbraiding since itscoarse sediment carried from the Alps,gets deposited here.
If sedimentation is in balance with erosion, theriver becomes meandering. It stays in one
channel, which is however continuously meandering aserosion destroys theconcave banks
while sedimentation builds the convex banks. Accordingly, the concave banks are usually
steep while mildly sloping sandy point bars arebuilt upontheconvex banks (Figure 2.1).
The overdeveloped meanders get sooner or later cut-off by a big flood and become dead
branches. Later these dead branches become lakes assedimentation closes their upstream and
downstream mouthstothe river. Such oxbow lakes are typical morphological structures along
meandering rivers (Figure 2.1).Oxbow lakes are subjected to further aggradation dueto
continuous biological sedimentation [Amoros et ai, 1987]and to the deposition of fine
suspended river sediment after floods. This morphological succession may lead tothe
complete disappearance ofthe lake leaving onlyanarrow depression on the floodplain surface
(Figure 2.1).
river-floodplain system
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Figure 2.1 General cross-section ofanatural river-floodplain system
Another wayof morphological succession is when a point bar starts to emerge from the
riverbed dueto sand sedimentation. Later when the meander has moved away, floods continue
thebuilding process bydepositing fine suspended sediment.
The concave banks of meandering rivers areusually elevated above thefloodplain surface.
These natural levees (Figure 2.1) consist ofsilty sediment deposited byfloods right after that
they overtop the steep bank and start toinundate the floodplain. Depending on the directionof
the meandering process natural levees can either bebuilt onthe top aggraded oxbow lakesor
on point barsofformer meanders.Natural levees are of course present onthe banks of oxbow
lakes as well, however their relative height aredecreasing dueto the sedimentation of the
surrounding floodplain areas.

NATURAL PROCESSESINRIVER-FLOODPLAINSYSTEMS

Thus, the surface of the floodplain is continuously being elevated by the different kind of
sedimentation processes. It goes on until the meandering river moves through the area and
resets the morphological process. Thus, there exists a long-term balance between erosion and
sedimentation.
Hydrology of floodplains is determined by that of the adjacent river. At headwaters, the river
responds quickly to precipitation resulting in quick and peaky flood waves in its narrow
valley. By moving downstream, flood waves are continuously spreading due to the increasing
storage capacity of the bed and its adjacent floodplain, as well as to the natural flood wave
diffusion process. Accordingly, big alluvial rivers are characterised by seasonal flood events
with relatively slow rate of change in discharge. Above the influence of discharge regime,
changes in water levels are directly influenced by the morphology of the river floodplain
system. In case of a wide river channel, smaller water level increase is needed to convey the
increased discharge than in case of a narrow channel. Thus, wide alluvial rivers, especially
with multiple channels, promote the mitigation of rate of water level change during floods.
2.2

Ecological aspects

Three major biotopes can be distinguished in a river-floodplain system:
1. Lotic water bodies characterised by flowing water (river channels).
2. Lentic water bodies with stagnant water (oxbow lakes).
3. Terrestrial areas.
This section describes first the ecological processes in permanent lentic and lotic water
bodies. Subsequently it describes the ecological processes taking place in the unsteady water
bodies (lentic and lotic) and on the frequently inundated terrestrial areas of river-floodplain
systems. It is a special feature of river-floodplain systems that the boundaries of these
biotopes are not stable but recurrently traverse large areas as the inshore edge of the aquatic
environment, the 'moving littoral'',traverses the ATTZ [Junk etal, 1989].
2.2.1 Ecological processes in lentic water bodies
Oxbow lakes on floodplains belong to the 'shallow lake' category. Shallow lakes are
characterised by the lack of stratification. Temperature and dissolved substances are equally
distributed along the water column due to diffusion and_turbulence generated by the wind.
The shallow depth enables the light to penetrate down to the bottom so that primary
production ispossible along the entire water column.
The energy source for biological life and production on the Earth's surface is the Sun. In
shallow lakes algae and water-plants use solar energy and inorganic nutrients to build up
organic material by means of photosynthesis (Figure 2.2}. During photosynthesis C0 2 is
consumed from, while O2 is released into the water column. At night the photosynthesis
pauses and primary producers consume only O2for respiration. Above C, H and O, organisms
also need N, Pand Si, which are available for algae and water plants inthe water column orin
the bottom sediment in the form of inorganic nutrients such as nitrate, nitrite, phosphate and
silicon. Mortality of algae and water-plants results dead organic material (detritus) which than
get mineralised into inorganic nutrients by bacteria. During mineralisation, oxygen is
consumed from the water column.
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The nutrient cycle of a shallow lake is partly open to the atmosphere. Exchange of CO2 and
O2 proceeds through the water surface thanks to diffusion and wind induced aeration.
Nitrogen can also leave and enter the system in the form of N2 by means of bacterial
denitrification and fixation. Only the phosphorus cycle is closed to the atmosphere. Dissolved
nutrients as well as suspended algae and detritus can be imported and exported by means of
water exchange between the lake and its neighbouring water bodies. This process is
significant in floodplain oxbow lakes being periodically leached by floods of the river.
Detritus may leave the system by means of burial into the bottom sediment thus contributing
to the biological sedimentation of the lake. Inorganic nutrients can also be exchanged with the
groundwater system (Figure 2.2).
The quality of the lake water is determined by the concentration of dissolved and suspended
materials and not by their overall masses in the lake. Above biochemical material fluxes,
concentrations can also be modified by physical processes such as sedimentation,
resuspension, rainfall, evaporation, seepage and inflow of waters with different
concentrations.
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Figure 2.2 Primaryproduction and related ecologicalprocesses inshallow lake[after
Bokhorst &Groot, 1993]
The biomass produced by primary producers is the source of nutrients and energy for the
fauna. Plant biomass is consumed on the second trophic level by grazers such as zooplankton,
macro invertebrates and fish (Figure 2.3). The grazers are in turn food for predatory animals
inthe third trophic level. Mortality and metabolism of fauna contributes to the detritus pool of
the lake. Some detritovore fish and macro invertebrates take nutrients and energy by
consuming detritus. All animals in the water consume oxygen and produce carbon dioxide by
means of respiration.
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Nutrients are circulating in a shallow lake ecosystem (with some inputs and outputs) while
energy flows through and leaves the system in the form of heat [Djordjevic, 1993]. This
principle is valid on global scaletoo.
Fauna of the lake can be exchanged with neighbouring water bodies by means of water inand outflow, furthermore fish and aquatic mammals have the ability to migrate independently
from the movement of water.
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Figure 2.3 Ecologicalprocesses inshallow lakeabove thefirst trophiclevel
According to the quantity of nutrients available for production, lakes are classified into two
main groups:
1. oligotrophic lakes: low nutrient content associated with low biomass production
2. eutrophic lakes:high nutrient content with high biomass production
Dueto the sufficient nutrient supply of the river, floodplain lakes are usually eutrophic.
There are two forms of eutrophication: benthonic and planktonic [Djordjevic, 1993|. In case
of benthonic eutrophication, the increased quantity of nutrients boosts the growth of water
plants. Growth of phytoplankton is restricted by the water plants through shading, nutrient
limitation and excretion of inhibitory allelopalhic chemicals [Hootsmans & I.ubberding,
1993]. Benthonic eutrophication keeps the dissolved oxygen content within acceptable limits.
The water remains transparent and suitable for fish. Anaerobe conditions develop only on the
bottom due to the decomposition of dead plants. Benthonic eutrophication iiowever may turn
to planktonic eutrophication. Hootsmans & Lubberding [1993] describe a possible way of this
change:
1. The increased nutrient content stimulates the growth of epiphyte algae,
effected much lesser extent byallelopathic substances than phytoplani ton.

which is

Epiphyte algae limit the light and carbon availability for plants resisting in decreased
rateofallelopathic excretion, which in turn results inthe growth of phytoplankton.
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3. Phytoplankton limits further the macrophyte through shading, and at the end
macrophytes disappears and phytoplankton dominates the system.
Ligtvoet &Grimm [1992] describe anotherpossible way ofthis change:
1. The predatory fish stock of the lake reaches its maximum density and can no longer
regulatetheever-increasing prey stock.
2. The expanding planktivorous fish stock overgrazes the zooplankton resulting in an
excessive growth ofalgae inthenutrient rich water.
Planktonic eutrophication creates an ecologically poor environment. Most fish species
disappear, as they cannot stand the open turbid water. The rest of the fauna are exposed to
anoxic conditions resulted by the decomposition of algal detritus. Extensive algae mortality
mayeven cause disastrous death oftheremaining fauna.
Figure 2.4 summarises the most important factors influencing algae dynamism in a water
body. Physiological factors [Runhaar, 1991] have the most direct influence. They influence
directly the physiological processes, which are photosynthesis, respiration and assimilation.
Zooplankton can also be viewed as physiological factor since grazing results direct physical
destruction of algae. Conditional factors [Runhaar, 1991] are the ones that influence the
physiological factors.
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Figure 2.4 Influence chain ofalgae inshallow lakes
2.2.2 Ecological processes in lotic river systems
Ecological processes in permanent lotic channel systems are described bythe river continuum
concept of Vannote et al. [1980]. The concept states that a continuous gradient of physical
conditions exist from headwater to mouth, and the structural and functional characteristics of
stream communities are adapted to conform to the most probable or mean state of the system
along the river. Producer and consumer communities establish themselves in harmony with
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the dynamic physical conditions of a given river reach, and downstream communities are
fashioned tocapitalise on inefficiencies ofupstream processing [Vannote etal, 1980].
Because of shading by riparian forests, headwaters are characterised by low rate of primary
production. On the other hand the maximum interface between the forested terrain and the
headwaters promotes the input of particulate organic matter (detritus) thus creating a strongly
heterotrophic environment characterised by detritovore invertebrates. As stream size
increases, the reduced importance of terrestrial organic input coincides with enhanced
importance of organic transport from upstream and autochthonous primary production of
algae and water-plants. Further downstream, the increased suspended sediment and fine
particulate organic matter combined with increased depth limit the light availability, resulting
decreased primary production, and the system becomes heterotrophic again. The fish
population is characterised by few cool water species at the headwaters, while more diverse
warm water communities dominate the lower courses and even planktivore species can appear
in the alluvial reaches indicating the semi-lentic nature of the river [Vannote et al, 1980].
This ecological continuum from the headwaters to the estuary in anatural river may be locally
shifted by lateral inflow of tributaries.
2.2.3 Ecological processes in river-floodplain systems
The river continuum concept suffers from two basic limitations: it was developed on small
temperate streams but has been extrapolated to rivers in general, and it was based on a
concept that had been elaborated for the river basin in a geomorphological sense but was in
fact restricted to habitats that are permanent and lotic [Junk et al, 1989].A river-floodplain
system however is a system of connected lentic and lotic waters, which expands to the
transversal dimension too, above the river's longitudinal dimension [Amoros et al, 1987],
and which is characterised by temporal modifications controlled by the hydrological regime
of the river. This system results in adaptations of biota that are distinct from those in systems
dominated by stable lotic or lentic habitats [Junk etal, 1989].
Therefore, Junk et al. [1989] constructed theflood pulse concept for describing ecological
processes inriver-floodplain systems. This concept isbased onthe following principles:
1. Inunaltered large river systems with floodplains, theoverwhelming bulk ofthe riverine
animal biomass derives directly or indirectly from production within the floodplain and
not from downstream transport of organic matter produced elsewhere inthe basin.
2. The major force controlling biota in floodplains is the pulsation (periodical rising and
falling) ofthe water level of the river.
3. The effect of the flood pulse on biota isprincipally hydrological and independent ofthe
nature of its source, so that there are many similarities between floodplains adjacent to
pulsing lakesor reservoirs and pulsing rivers.
4. If no organic material except living animals were exchanged between floodplain and
channel, no qualitative and, at most, limited quantitative changes would occur in the
floodplain.
The channel system is viewed by the concept only as a route for fauna for gaining access to
adult feeding areas,nurseries, spawning grounds,or asarefuge at lowwater or during winter.
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Life cycles and composition of biota utilising floodplain habitats are basically determined by
the flood pulses in terms of their annual timing, duration, height and the rates of rise and fall.
Predictable and prolonged flood pulsetypical for large alluvial rivers favours the development
of anatomical, morphological, physiological and/or ethological adaptations of terrestrial and
aquatic organisms to colonise the aquatic terrestrial transition zone (ATTZ) [Junk et al,
1989]. Such adaptation strategies in low order streams are rather restricted due to the quick
and irregular floods with short duration.
Primary production in floodplain water bodies
Thehydrological state of an oxbow lake varies between two phases:
1. Isolation phase with no surface water connection tothe river.
2. Contact phase with surface water connection tothe river.
The duration of these phases depends on the flood regime of the river and on the morphology
of the lake. Oxbows surrounded by higher levees stay most of the time isolated and only high
floods make them connected to the river. On the other hand, some oxbows become connected
at lower floods or even stay fully connected throughout the year thanks to their low
connection thresholds. The rate of in- and outflow depends also on the sizes of the connecting
morphological structure. If it is a narrow channel then only limited in- and outflows take place
while in case of a wide trench, even slight increase of water level above the threshold may
result the flow of huge amounts of waters.
In its isolation phase, the oxbow becomes a shallow lake where ecological processes develop
as described in section 2.2.1. The trophic level of the lake is basically influenced by the
quality of river water entered the lake during the flood preceding the actual isolation phase.
Inflow of nutrient rich water that is followed by a long isolation period may result in sever
planktonic eutrophication especially if water plants are absent. On the other hand inflow of
nutrient poor water sets the laketo a lower trophic level.
Occurrence of water plants is highly influenced by fluctuation of the water level, which is a
typical phenomenon in oxbow lakes. Fluctuation can impose two sorts of stresses on water
plants: stranding and submergence. Brock et al. [1987] observed severe mortality in the water
plant stands of a Rhine riparian oxbow after that it was exposed to sudden submergence
caused by high floods. The primary physiological stress of submergence is light extinction. In
addition, emergent water plants are also stressed bythe obstruction ofstomatal oxygen uptake
from the atmosphere. Seedlings are much more sensitive to submergence stress than adult
plants, due to their limited adaptation ability. Stranding of water plants by decreasing water
levels causes desiccation stress,which isalso detrimental especially for the seedlings.
Water level increase triggers morphological adaptations, namely certain water plants elongate
their leaf stalks in order to allow leaf-blades to reach the surface [Brock et al, 1987]. This
process is carried out by spending the biomass reserves of the root tubers. Thus, elongation
might significantly weaken submerged plants especially if they have limited tuber reserves.
That is why all Nymphoides peltata of the Rhine oxbow were uprooted as a result of deep
submergence; Nuphar lutea and Nymphaea alba on the other hand suffered less damage due
to their bigger tuber reserves [Brock et al, 1987]. Nymphoides peltata however, shows a
better life history adaptation ability. It has a high turnover rate and it is able to colonise
quickly a site by means of vegetative stolons, furthermore its seedlings can withstand
exposure to acertain extent [Brock etal, 1987].
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Figure 2.5 Influence chain of waterplants infloodplain oxbow lakes
Slow water level increase and decrease on the other hand, allow sufficient time for in situ
processes along the moving littoral [Junk et ai, 1989]. Accordingly, annual water plants are
able to germinate and grow in the littoral zone thus maintaining a moving vegetated stripe
along the inshore edge of the water. Also the submerged water plants suffer less since they
have time to follow the rising water level without exhausting their resources. Primary
production along the moving littoral is supported by intensive release of nutrients thanks to
the accelerated decomposition of organic material on areas periodically changing between
terrestrial and aquatic phases [Wood, 1951].
Fast water level fluctuation with high amplitude may lead to planktonic eutrophication due to
the destruction of water plant stands. Such planktonic eutrophication proceeds much faster
than those ones induced by epiphyte algae or zooplankton overgrazing (see section 2.2.1).
Fast fluctuation of the Danube for example causes that the side arms of the riparian Gemenc
floodplain are subjected to planktonic eutrophication [Csanyi et ai, 1992],while the oxbows,
being lessexposed totheriver, are inthe stateof benthonic eutrophication.
Terrestrial primary production on floodplains
Terrestrial vegetation of floodplains is highly dependent on the inundation conditions. This
dependence is well illustrated by Andrasfalvy [1973] who stated that in natural floodplains 'the
compositionofvegetationindicatestheelevationofthegroundwatertableandthedurationsand
frequencies ofinundations,almostwiththeaccuracyofa "measuring device'".
Inundation has both stimulatory and stress effects onthe flora. Stimulatory effects arethe supply
ofwater and nutrients needed for transpiration and growth.
Inundation imposesthreetypesofphysiological stressonplants(seealso Figure 2.6):
1. Anaerobic conditions develop in the root zone as a consequence of significantly
decreased gas diffusion in the saturated soil [Blom & Voesenek, 1996]. Aerobic root
respiration stops, resulting decreased root growth, decreased transpiration and
13
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decreased translocation of substances within the plant [Gill, 1970]. In addition,
accumulation of toxic products takes place due to anaerobic metabolism of the plant
and bacteria [Gill, 1970;Blom&Voesenek, 1996].
2. Interference with stomatal function: submergence of stomata inhibits oxygen and

carbon dioxide exchange between the plant and the atmosphere. Furthermore, it also
hampersthe removal oftoxic products ofanaerobic respiration.
3. Light extinction.
Thisimpliesthattheoverall stressofinundation increasesasmere soil saturation progressesfirst
topartial inundation and then tocomplete inundation [Gill, 1970].Obviously theduration ofthe
different inundation stressesmattersa lot.The longerthe inundation thegreaterthephysiological
damage. In temperate regions however, only growing season floods impose stresses. Dormant
season inundation has limited stress effect owing to the minimal oxygen demands of roots and
microorganisms [Gill, 1970].Above inundation duration and depth, the duration of flood-free
periodsmattersalso alotbecause thesearetheperiodsavailable for theplanttorecoverfrom the
injuries.
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Figure 2.6 Influence chain ofterrestrialplants on floodplains [after Runhaar,1991]
The high resistance of several plants against inundation is explained by their special adaptation
strategies. Inundation immediately triggers short-term physiological adaptations at most plants.
The lack of oxygen forces the plant to replace aerobic respiration with anaerobic, ethanolic
fermentation [Blom & Voesenek, 1996], even though it results ethanol and acetaldehyde,
which are toxic for the plant [Kozlowsky, 1984, Gill 1970]. Plants with high photosynthetic
rate are better adapted to light extinction, while stomatal inhibition are tolerated by those
plantswhich areabletophotosynthesise at lowCO2level too [Blom &Voesenek, 1996].
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Long-term morphological adaptation is performed by several species through developing
adventitious roots on their flooded stems. These roots grow in the well-oxygenated upper
layers of the water column, andthey take over the oxygen and nutrient uptake role from the
real roots under hypoxia [Kozlowski, 1984; Gill, 1970; Blom & Voesenek, 1996]. Many
species develop anetwork of aerated tissue (aerenchyma) enabling the ventilation ofoxygen
from the unflooded leaves down to the inundated roots, and of carbon-dioxide and toxic
substancesonthewayback(anatomicaladaptation) [Blom&Voesenek, 1996].
Annual and biennial herbaceous species exhibit life history adaptation combined with fast
turnoverrates [Blom&Voesenek, 1996].Forexample,Chenopodium rubrum completesitslife
cyclevery quickly, duringthe short exposure periods,andproduces seedsthat will survivethe
nextflood;thebiennialRumexpalustrisontheotherhandsurvivesflooding inavegetativestate
andpostponefloweringandseedproductiontothenextyear[Blom&Voesenek,1996].
The wide scale of flood sensitivities and adaptation abilities make large differences in
flooding tolerance of plant species.Also the age ofplants matters a lot. In general seedlings
are much less tolerant to flooding than adult plants. Depending on the extent of inundation
stress, plants can be paused in growth, damaged or at worst killed. On ecosystem scale,the
flooding tolerance of a species isdetermined notjust by its chance of survival but also bythe
extentofdamageandgrowthreduction,sincethehigherthereductionanddamageitsuffers,the
morerestricteditscompetitiveabilityagainstconcurrentspecies.
Flooding stress keeps the flora ofthe ATTZ in adynamic equilibrium [Junk etal, 1989]by
periodically shifting backthesuccession.Thelowertheterrainelevationthelowerthelevelof
this succession range. For example only pioneer species can grow atthe lowest levelsofthe
ATTZ during the short terrestrial periods because floods quickly 'reset' the terrain and the
succession starts again. Succession can reach its climax stage (the hardwood forest) onlyon
thehighest groundsofthefloodplain. Theduration ofthesuccession interval isinfluenced by
thelength ofterrestrialperiods.Exceptionally longflood-free periodspromotethesuccession
to reach higher levels so that for example bushes or even trees can establish on low-lying
areas. Life cycle is an important factor too. Occurrence of annual plants is determined by
annual flood regimes while bushandtree communities areinfluenced byhydrological events
onalongtimescale[Junketal, 1989].
Thus,thecombined effects oftiming,duration anddepth offloods andtheduration of floodfree periods both on annual and multi-annual time scales determine the terrestrial plant
communitystructureoftheATTZ.
The fact that inundation conditions vary with elevation makes arather characteristic vertical
zonation of vegetation in natural floodplains. Theupper limit ofeach zone isdeterminedby
the competitive ability of co-occurring species, and the lower limits by their flooding
resistance [Blom & Voesenek, 1996]. Accordingly, the lowest zone of the ATTZ is grown
over by pioneer species during the short terrestrial phases. The next zone above is
characterised by willow bushes followed by willow trees or reedlands on higher levels.The
zone above the willows is characterised by poplars while oak-ash-elm forests occupy the
highest grounds of the floodplain. Seedlings of species from higher zones may temporarily
settledeepinthelowerzonesduringlongflood freeperiods,howevertheysoongetdestroyed
bythenextsignificant flood.
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