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“De sneeuwwind blaast haar water
Stroomopwaarts tot schuim
De kronen van de bakenbomen buigen
De Maas benut haar ruim

Onstuimig, snelle, brede stroom
Van dijk tot dijk het water
Volle vrouw, met ganzen
Talloos, gakken, ver geschater

De stroom is het enige dat telt
Naar de zee, haar moeder
Daar brengt ze alles heen
Net als de Waal, de man, haar broeder

Dromen heb ik nagejaagd
En nog, teveel dromen
Overal geweest maar nergens
Behalve hier weer thuisgekomen

Ik duw mezelf over de dijk
De kou zit me op de huid
Mijn gezicht in schrale rimpels
Maar het voelt goed, ik kijk op haar uit

Dit is mijn land en mijn rivier
Ik heb de Maas haar landschap
Loop in haar dorpen, in haar schoot
Langs haar wielen in haar waarden
Hier ga ik dood”

“Wintermaas” van Jos van Oorschot
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Samenvatting
Het dynamische samenspel van rivieren en oevervegetatie
Riviersystemen horen bij de meest dynamische en productieve ecosystemen in de wereld en
bieden onderdak aan talloze planten en dieren. In een natuurlijke uiterwaard staat oevervegetatie jaarlijks meermaals onder water. Bepaalde soorten vegetatie, bio-bouwers genoemd,
kunnen de waterbeweging en het wegspoelen en afzetten van zand actief beïnvloeden. Zo verstevigen wilgen en populieren bijvoorbeeld de grond met hun wortels en gaan niet dood als
ze enige tijd onder water staan. Ook geven ze weerstand aan de stroming, waardoor het water
op begroeide plekken langzamer gaat stromen en iets hoger komt te staan. Tijdens hoogwater
wordt hier vervolgens zand en slib afgezet, wat nieuwe vestiging van planten mogelijk maakt.
Anderzijds wordt een deel van het water langs onbegroeide delen geleid waardoor het daar
juist harder stroomt en zand wordt weggespoeld. Voornamelijk tijdens hoogwater beïnvloeden bio-bouwers de locatie waar zand wordt afgezet of weggespoeld. Dit samenspel tussen
water, zand en vegetatie leidt tot karakteristieke patronen in riviervorm en vegetatie. Deze
patronen zijn op hun beurt weer belangrijk voor een divers ecosysteem.
Riviersystemen staan wereldwijd onder druk door menselijk ingrijpen. Om de watervoorziening zeker te stellen en het risico op overstroming te verminderen, zijn rivieren gefixeerd
met harde oevers en dijken en zijn dammen gebouwd om het water gecontroleerd af te voeren. Ook worden rivieren bedreigd door klimaatverandering, wat kan leiden tot verdroging
of een toename van extremen in hoogwater en laagwater. Daarnaast komen in toenemende
mate soorten voor die hier van nature niet voor zouden komen, zogenaamde exoten. Sommige van deze soorten kunnen zeer dominant worden en de natuurlijke planten en dieren
verdringen, dan worden ze invasief genoemd. Dit alles heeft negatieve gevolgen voor de natuurlijke dynamiek van het ecosysteem en de biodiversiteit.
Op dit moment is er nog weinig inzicht in hoe het dynamische samenspel tussen vegetatie, water en zand leidt tot rivierpatronen en vegetatiepatronen. Deze kennis is nodig nu
we rivieren ecologisch willen herstellen en een balans willen vinden tussen de behoeften van
de mens en de ontwikkeling van natuur. Daarom is het doel van dit onderzoek om meer inzicht te krijgen in hoe patronen in vegetatie en riviervorm ontstaan door het samenspel van
bio-bouwende vegetatie, de stroming van water en het transport van zand op een tijdschaal
van decennia tot eeuwen en hoe dit de leefgebieden van andere soorten in het rivierengebied
beïnvloedt.

Een computermodel voor vegetatieontwikkeling
Tijdens dit onderzoek heb ik een computermodel ontwikkeld dat de natuurlijke ontwikkeling
en sterfte van oevervegetatie berekent. Dit heb ik vervolgens gekoppeld aan een model dat
het transport van water en zand simuleert (Delft3D-FLOW). Het model berekent waar planten zich vestigen, hoe ze groeien en wanneer ze doodgaan door teveel water, te weinig water,
te hard stromend water of doordat ze begraven worden onder zand. Andersom beïnvloeden
de planten de stroomsnelheid van het water en het afzetten en wegspoelen van zand.
Met dit model is het mogelijk om zowel rivierverlegging en beweging van meanderbochten
als de bijbehorende natuurlijke vegetatiegroei na te bootsen op een tijdschaal van decennia
tot eeuwen. Tot dusver was dit niet mogelijk omdat vegetatie zich in bestaande modellen niet
op natuurlijke wijze ontwikkelde of de processen van water en zand niet geavanceerd genoeg
gemodelleerd werden.
1

De modelresultaten zijn vergeleken met veldgegevens en luchtfoto’s van de vrij meanderende rivier Allier in Frankrijk. De resultaten laten zien dat het model de natuurlijke vegetatieen rivierpatronen en dynamiek goed kan reproduceren (hoofdstuk 3). Daarbij ontstaan relaties tussen eigenschappen van vegetatie en de beweging van water en zand zoals we die uit
veldgegevens kennen. Het blijkt dat verschillen in vestigingslocaties van planten, dichtheid
van de begroeide delen, de snelheid van plantgroei en de gevoeligheid van planten voor water
een grote invloed hebben op het rivierpatroon. Dit toont aan dat de locatie waar vegetatie
zich vestigt en de karakteristieken van verschillende vegetatietypen een belangrijke invloed
kan uitoefenen op de vorming van rivierlandschappen.
Het model is gebruikt om de effecten van ecosysteemdegradatie en -herstel op de oevervegetatie en riviervorm te berekenen. Hiervoor zijn modelsimulaties gedraaid met invasieve
soorten, het aanleggen en weghalen van dammen en klimaatverandering.

De invloed van invasieve exoten op rivierlandschappen
Rivierlandschappen zijn gevoelig voor de opmars van invasieve, exotische planten. Dit komt
doordat water een goede manier is om propagulen (zaden en onderdelen van de plant die
kunnen uitgroeien tot nieuwe planten) van exoten snel te verspreiden. Invasieve planten kunnen niet alleen de huidige vegetatie verdringen en het ecosysteem verstoren, maar bezitten
vaak ook eigenschappen die de vorm en het gedrag van de rivier beïnvloeden.
Met het model is een invasie van een meerjarige, kruidachtige oeverplant zoals de Japanse
duizendknoop (Fallopia japonica) gemodelleerd, die concurreert met wilgen en populieren
(hoofdstuk 5). De resultaten laten zien dat een invasie met veel propagulen de hoeveelheid
natuurlijke oevervegetatie sterk vermindert. Verrassend genoeg ontstaat er juist meer natuurlijke oevervegetatie als de invasie plaatsvindt met veel minder propagulen. Dit komt doordat
de exotische plant met dezelfde effecten op stroomsnelheid en zandtransport als de natuurlijke vegetatie op het juiste moment meer gunstige plekken creëert voor de ontwikkeling van
jonge wilgen en populieren. In dit geval zijn de exoten dus bio-bouwers die nieuwe vestigingsplekken creëren en daarbij ook nog ruimte overlaten voor vestiging van andere soorten.
Dit betekent overigens niet dat exoten gunstig worden geacht: andere, negatieve effecten van
de exoten, bijvoorbeeld het veroorzaken van beschaduwing, zijn hier niet meegenomen in
het model.
De gemodelleerde invasieve plant heeft een andere levensstrategie dan wilgen en populieren, waardoor de water- en zandbeweging in de rivier ook anders uitpakt per seizoen.
Dit effect is het grootst als de invasieve plant zeer dominant aanwezig is. Het bovengrondse
deel van de invasieve plant sterft in de winter af, juist wanneer veel hoogwaters voorkomen.
Daardoor wordt het zandtransport over de binnenbochten groter, wat leidt tot erosie van
de oevers. In de zomer vindt juist het tegenoverstelde plaats. De invasieve plant vormt dan
een dichte begroeiing, waardoor de waterstanden flink kunnen stijgen. Dit kan leiden tot
overstromingen in de zomer en herfst. Deze modellering van vegetatie-eigenschappen en
levens-strategieën geeft zo een voorspelling van onverwachte effecten in verschillende seizoenen.

De invloed van dammen en klimaatverandering op rivierlandschappen
Van veel rivieren zijn de natuurlijke processen van rivierstroming en rivierverlegging ingeperkt door de mens. Dammen zorgen voor een sterke vermindering van variatie in waterstanden door het jaar heen, wat natuurlijke ecologische processen verstoort. Klimaatverandering
heeft ook invloed op de rivierafvoer: klimaatmodellen voorspellen voor Noordwest-Europa
een algemene trend naar gemiddeld minder rivierafvoer en meer extreme laag- en hoog2

waters. In Zuid-Europa wordt vooral minder rivierafvoer voorspeld. Modelresultaten laten
zien dat zowel de aanleg van dammen, als klimaatverandering leiden tot een verandering
van het rivierlandschap en een verschuiving van leefgebieden van soorten vergeleken met
de natuurlijke situatie (hoofdstukken 4 en 6). Hierdoor kunnen sommige soorten profiteren,
terwijl andere soorten juist afnemen. Het effect op het ecosysteem is het grootst wanneer de
timing tussen belangrijke processen van planten en dieren, die gelinkt zijn aan de pieken en
dalen van de waterstand, verstoord wordt. Negatieve effecten van een dam en een klimaatveranderingsscenario kunnen elkaar soms versterken en soms afzwakken. De meest negatieve
effecten op de leefgebieden van soorten ontstaan bij een klimaat met meer extremen in hoogen laagwater, in combinatie met een dam die het water ’s winters opspaart en ’s zomers doorlaat voor irrigatie. Het is ook mogelijk met een ander damregime de negatieve effecten van
klimaatverandering af te zwakken, wat mogelijkheden voor duurzamer beheer biedt.

Is rivierherstel naar de oorspronkelijke situatie mogelijk?
Belangrijke vragen bij rivierherstelprojecten zijn hoe we een gedegradeerd riviersysteem weer
in zijn natuurlijke staat terugkrijgen en hoe lang dit duurt. Modelsimulaties, waarbij de natuurlijke rivierafvoer weer wordt hersteld na het weghalen van een dam, laten zien dat dit
geen rechtlijnig proces is (hoofdstuk 7). In sommige gevallen kan de riviervorm en het vegetatiepatroon zich snel herstellen nadat het natuurlijke afvoerpatroon weer is teruggekeerd.
In andere gevallen is de riviervorm zo ernstig veranderd dat er een nieuw, stabiel evenwicht
is ontstaan dat een terugkeer naar de natuurlijke situatie belemmert. In zo’n geval zijn er
aanvullende maatregelen nodig om de gewenste verandering op gang te helpen en is het herstellen van de natuurlijke afvoer alleen niet voldoende. De startcondities van de riviervorm
en het vegetatiepatroon bij de aanvang van het herstellen van de afvoer, bepalen mede hoe
lang het herstel duurt. Dit heeft te maken met de natuurlijke variatie in de afvoer en de veranderlijkheid van het rivierpatroon en het vegetatiepatroon. Daarom is het belangrijk om
deze natuurlijke variatie in acht te nemen bij het evalueren van herstelmaatregelen. Dit betekent dat er over een langere termijn gemeten en gemonitord moet worden om een completer
beeld te krijgen van de effectiviteit van maatregelen.

Maatschappelijke bijdrage van dit proefschrift
De resultaten van dit proefschrift laten zien dat grootschalige patronen van rivierlandschappen, en veranderingen daarin, het resultaat zijn van kleinschalige processen van vegetatieontwikkeling met typische bio-bouwereigenschappen. De onderzoeksresultaten en het ontwikkelde model kunnen worden gebruikt om het samenspel van vegetatie, water en zand
gedetailleerd en over lange termijnen te bestuderen. Dit is nodig voor het ontwikkelen en
testen van beheer- en herstelplannen van rivieren die in kwaliteit achteruit zijn gegaan. Dit
draagt bij aan het uiteindelijke doel om de ecologische waarden van de rivieren en hun uiterwaarden te verbeteren en te behouden.
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Summary
River systems are amongst the most dynamic and productive ecosystems in the world and
provide habitats for numerous fluvial species. River discharge dictates the dynamics on the
floodplain and many fluvial species have adapted their life-history processes to specific flow
events. Flow dynamics create a lateral vegetation gradient across the floodplain where pioneer
vegetation with specialist traits is adapted to highly dynamic conditions close to the river.
When these plants are strong enough to withstand fluvial forces and drought during low
flow, they will influence river flow and sedimentation and erosion processes during floods,
facilitate other fluvial species, and thus begin to act as ‘ecosystem engineers’.
These eco-engineering species influence the river flow by obstructing the flow. This creates hydraulic roughness that slows down the water within and behind vegetation patches,
which promotes sedimentation. At the same time, water is diverted through lower or unvegetated parts, which creates flow focus. This leads to higher flow velocities at these locations
which promotes erosion. In turn, river flow and river shape determine the timing, frequency
and magnitude of flooding, desiccation, erosion and sedimentation that affects plant growth
and survival. Thus, there is continuous interaction between hydro-morphodynamic processes and vegetation, which results in dynamic landscape patterns with heterogeneous habitat
mosaics. Depending on boundary conditions and the strength of these interactions, these
river patterns range from single-channel straight or meandering systems to multi-channel
braided rivers.
In many rivers, natural dynamics have been altered by the construction of dams, fixation
of river banks and by indirect pressures such as climate change and alien invasive species,
which threatens biodiversity worldwide. Many restoration projects are currently carried out
to restore river systems to a more natural state and to mitigate climate change. However, for
designing ecological restoration plans and forecasting their long-term effects, we need more
understanding of how natural interactions among plants, water flow and sediment produce
river landscapes, and predictive models that simulate these processes. Therefore, this study
aimed at better understanding of emergent patterns in vegetation and fluvial morphology
arising from the interaction between hydro-morphological processes and eco-engineering
species and how they affect habitat suitability for other species.
To study how river landscapes develop as a product of plant-river interactions, a vegetation
model was developed that contains eco-engineering species with life-stage specific characteristics. River discharge and river morphology dictate where vegetation could colonize, vegetation interacts with hydro-morphodynamic processes through hydraulic resistance and
survival is affected by flooding, desiccation, uprooting, burial and scour. This model was
interactively coupled to Delft3D-FLOW, a well-verified numerical hydro-morphodynamic
model. This combined model is the first that is able to simulate long-term interactions between detailed hydro-morphodynamics and detailed vegetation processes. The model produces natural patterns in fluvial morphodynamics and vegetation with realistic vegetation age
distribution across the floodplain. Moreover, it allows to simulate sustained long-term meandering dynamics due to conversions from channel to floodplain and vice versa, as opposed
to models with static vegetation or without vegetation. Simulation results demonstrate that
river landscapes are sensitive to vegetation properties such as settlement conditions, density,
growth and survival conditions (chapter 3).
In situations without or with sparse vegetation, river dynamics are dominant and characterized by many chute cut-offs, large meander migration rates and a wider floodplain. In
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situations with dense vegetation, river dynamics become restricted and the river develops
towards a plant-dominated system with low meander migration rates and occasional avulsions instead of chute cut-offs. This shows that vegetation properties and dynamics are important drivers in shaping river landscapes, and it shows that emergent, dynamic patterns
arise at locations where pioneer species strongly interact with fluvial processes. This occurs
at locations where neither vegetation nor hydro-morphodynamics are dominant.
Vegetation pattern dynamics and river morphodynamics can be influenced by biotic and
abiotic processes and interactions. Model simulations with invasive alien plants show that a
resistant invader that is highly abundant creates dense vegetation patches and out-competes
native riparian species (chapter 5). These dense vegetation patches divert the flow and create unfavourable conditions for native seedling establishment. This double negative feedback
drastically reduces native vegetation settlement. Moreover, since the invader contains contrasting above-ground biomass dynamics compared to the native species, sediment transport
rates on the floodplain significantly increase in winter, when the above-ground biomass of
the invader has died back. In summer, however, during the height of the invader growing
season, water levels rise significantly due to dense vegetation development and backwater
effects, which might increase flooding risk. This shows that biotic interactions and seasonal
plant characteristics of native and invasive species strongly affect vegetation patterns and river hydro-morphodynamics. Surprisingly, when the invader is less abundant, it can facilitate
native species by reducing flow velocities and sedimentation and erosion at native colonisation sites. In this way, the invader contributes to the total eco-engineering capacity of the
system, which can in turn positively affect habitat suitability for other fluvial species.
Dams and climate change affect vegetation and river dynamics by altering the natural flow
regime. In several scenarios with model simulations of climatic drying in a French and Spanish river, seedling recruitment decreases. This leads to ageing of riparian vegetation, and
a narrower vegetated belt that shifts towards lower floodplain elevations (chapters 4 and 6).
However, simulations with increasing extreme events in low and high flows show an increase
in vegetation cover due to larger wetted areas and more suitable colonization sites (chapter
6).
Flow stabilization by dams with reduced peak discharges and increased low discharges,
cause channel incision and reduced river dynamics. This has similar effects on riparian vegetation as the scenario with climatic drying: reduced seedling recruitment, ageing of vegetation, a narrower vegetated belt and a reduced riparian vegetation cover (chapter 6). Fluvial
species are most substantially affected when the flow timing creates a mismatch with critical
life-history events. However, due to different habitat requirements and life-history strategies,
the direction and magnitude of response varies between different fluvial species, even if they
inhabit similar habitats (chapter 6).
When multiple flow alteration pressure scenarios are combined, they do not show straightforwardly the summed effects on fluvial species. This is due to the complex non-linear interactions with multiple adaptive time-scales in hydro-morphodynamics and vegetation development (chapter 6). These complex interactions and related trends in river morphology
and vegetation development also affect the time required for ecological recovery after implementing river restoration measures. Model simulations in which the natural flow regime
of dam-impacted systems is restored, show that recovery time towards dynamic reference
equilibrium conditions can be relatively fast in dynamic systems (chapter 7). However, results show that this strongly depends on the magnitude of the pressure and the timing of
the restoration that determine the initial conditions at the start of the restoration. In some
situations, an alternative dynamic equilibrium is reached that hampers restoration to pre6

disturbed conditions. To better assess restoration success, long-term natural variation needs
be measured in the restored system and static comparisons between restored systems and
references should be avoided.
The results from this thesis show that spatio-temporal patterns in vegetation and river
morphology are the result of small-scale processes of vegetation development with typical
traits and strategies. These locally interact with hydro-morphodynamic processes of erosion
and sedimentation at the interface between fluvial disturbance and biotic interactions, which
in turn leads to large-scale river migration and chute cut-off processes. The new understanding and the model reported in this thesis will allow us to study bio-geomorphological interactions, and identify and test river management strategies and river restoration plans to
help increase or maintain the ecological value of rivers and their floodplains.
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Hoofdstuk 1
Introduction
River systems are amongst the most dynamic and productive ecosystems in the world. The
continuous interaction between water flow, sediment and vegetation creates a dynamic habitat mosaic that provides water, food, and shelter for countless fluvial species (Ward and Stanford, 1995; Naiman and Decamps, 1997; Ward et al., 2002). Many fluvial species depend on
the natural flow regime and have adapted their life strategy to these dynamic flow events
(Karrenberg et al., 2002). The natural flood pulse, characterized by the magnitude, duration and timing of floods, periodically connects the river to its floodplain and facilitates the
flow of sediment, nutrients, seeds and propagules (Junk et al., 1989; Tockner et al., 2000).
Moreover, it supports the connection needed for species to complete their life-cycles by migrating between channel and floodplain. Low dynamic floodplain lakes that are periodically
connected to the river function as nurseries for juvenile fish and provide suitable habitats
for low-dynamic-preferring wetland plants and fish species that prefer stagnant water. Flow
dynamics create a lateral gradient where hydro-morphodynamic processes dominate close
to the river and biotic interactions become more important at higher floodplain elevations
(White, 1979; Tabacchi et al., 1998). Pioneer plant species have developed specific traits to
withstand excavation and shear stress, allowing them to establish in highly dynamic zones
close to the river. When these pioneer plants are able to withstand hydro-morphodynamic
pressures, they in turn begin to affect sedimentation and erosion processes. This behaviour,
called ‘eco-engineering’ (sensu Jones et al., 1994), creates less dynamic zones within and
around the vegetation patches allowing other species to establish. This is also the first step
in vegetation succession on river floodplains. These dynamic processes of vegetation interacting with river hydro-morphodynamics create distinct patterns in fluvial morphology and
vegetation and with that, diverse and dynamic fluvial ecosystems (Figure 1.1).
Natural ecological functions and processes of many rivers have been altered by humans
for economic reasons and safety goals. Many rivers have become confined and their channels
stabilized, water is extracted for drinking water and irrigation, and dams were built to support
this continuous water extraction and to protect human structures against floods (Richter
and Thomas, 2007; Poff and Hart, 2002). These human interventions change the sediment
dynamics and magnitude, timing, and frequency of high- and low flows (Magilligan and
Nislow, 2005). In the years to come, flow regimes may further alter due to climate change,
adding more pressure on river systems due to increasing extremes in high and low flows, and
increasing flood risks (Dankers and Feyen, 2008; Palmer et al., 2008; Van Vliet et al., 2013).
The altered flows may be dramatically different from the natural flow regime of the river,
thereby affecting river morphology and vegetation development (Williams and Wolman,
1984; Petts and Gurnell, 2005), which in turn may threaten the habitats of many fluvial
species (Poff et al., 2010). Sensitive key-species might disappear and alien invasive species
that are better adapted to the new circumstances might become abundant (Richardson et al.,
2007; Stromberg et al., 2007b; Flanagan et al., 2015). These invasive species can further deteriorate the system by altering nutrient cycles and groundwater dynamics and potentially
have profound effects on river morphology (Tickner et al., 2001; Eppinga et al., 2011; Fei
et al., 2014).
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Figure 1.1: Overview of several rivers with distinct patterns in vegetation and river morphology. Top: Volga River
in Russia, middle: Allier River in France, bottom: Huslia River in Alaska, USA.

Recently, large European projects have focused on restoring river systems by investigating
the fundamental river processes and their interactions in order to restore natural processes
(Kampa and Buijse, 2015; REFORM, 2016) and to explore measures and strategies to mitigate
adverse effects of climate change (REFRESH, 2010). For this purpose, strategies have to be
found that are sustainable in the long term. This has raised the imminent need for modelling
and evaluation tools to support river managers in designing and evaluating river restoration
plans. It is evident that the complex natural relations among hydrology, morphology and
ecology and the combined response to interference and changing boundary conditions, must
be understood as the fundamental scientific basis for ecological restoration and sustainable
management of rivers. However, the current scientific understanding of dynamic interactions
between biological and physical characteristics in rivers at the quantitative level is rather
limited, especially when it comes to establishing predictive models of floodplain ecosystem
development for river management.
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1.1

The interplay between vegetation and hydro-morphodynamics in meandering rivers

Vegetation is not a static element in rivers and river floodplains, but changes along with habitat conditions, colonization, growth and succession. Eco-engineering species can actively
influence river flow and sediment transport and can exert influence on river shape and dynamics (Figure 1.2, Corenblit et al., 2007; Gurnell, 2014).
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Figure 1.2: a) Conceptual model of interactions between vegetation and hydro-morphodynamics that create
landscape patterns. Adapted from Corenblit et al. (2007). b) Top: locations for hotspot of plant eco-engineering
between areas dominated by fluvial disturbances and areas dominated by biotic interactions. Bottom: shifts in
type of engineering species in systems with different stream power. Adapted from Gurnell (2014).

The hotspot of plant eco-engineering where pioneer plants strongly interact with hydromorphodynamics, is located between the area where the fluvial disturbances are too high for
vegetation settlement (Figure 1.2b, dashed line upper graph) and the area where competition
with other plant species is too strong (Figure 1.2b, solid line upper graph). Depending on the
type and size of the river, different vegetation types can act as ecosystem-engineers. In low
dynamic, small streams or lakes, aquatic plants can serve as ecosystem-engineers, while in
larger rivers, eco-engineering species must withstand a higher stream power and here, pioneer riparian trees have the most influence on river patterns (Figures 1.2b and 1.3, Gurnell,
2014). Therefore, the hotspot for vegetation eco-engineering shifts between rivers with different stream power and between different types of engineering plants (Figure 1.2b, Gurnell,
2014).
Vegetation is an element in the flow creating hydraulic roughness that slows down the flow
within and behind vegetation patches, leading to accretion of sediment at these locations
(Baptist et al., 2007; Zong and Nepf, 2011). At the same time, flow is diverted and erosion
of sediment takes place around a vegetation patch (Temmerman et al., 2007; Luhar et al.,
2008). Vegetation also can increase the strength of the soil with their root systems or through
the addition of cohesive organic material to the substrate. This may decrease channel bank
erosion and may lead to narrower, deeper channels (see Kleinhans, 2010, for review). Flume
experiments on a scale of 1:100 to 1:1000, showed that adding vegetation to previously unvegetated rivers even can transform braided rivers into single-thread rivers (Tal and Paola,
2010). Van Dijk et al. (2013) showed that different means of seed dispersal, such as by water
flow or wind, create different vegetation patterns that affect channel migration. This shows
that settling behaviour of vegetation can be a major control on river morphodynamics.
11

Figure 1.3: Two types of eco-engineering species in different systems. Left: Water primrose (Ludwigia grandiflora) in a floodplain lake along the Allier river in France (photo courtesy R. Noordhuis). Right: Salix along a
side-channel of the river Waal in the Netherlands (photo by M. van Oorschot).

Natural rivers exhibit a range of different patterns or planforms that can be broadly classified as straight, meandering and braiding but in reality comprise a whole spectrum without sharp boundaries (Leopold and Wolman, 1957). These river patterns can generally be
discriminated and predicted by river stream power and substrate type but are strongly influenced by vegetation development (Kleinhans, 2010; Kleinhans and van den Berg, 2011).
Channel depth and floodplain morphology, together with flow regime, determine the inundation frequency and morphodynamic pressure on the floodplain, and along with that, the
spatio-temporal patterns of locations suitable for seedling establishment and vegetation survival (Van Splunder et al., 1995; Karrenberg et al., 2002). Plant dynamics are the sum of physical and chemical plant characteristics, ‘functional plant traits’, and critical plant processes,
e.g. flowering and seed dispersal, that together make up the plant’s life-cycle, and determine
how it interacts with its environment (Lytle and Poff, 2004). Periodic or continuous disturbances in a fluvial environment are selective forces acting upon vegetation. Only vegetation
types with pioneer traits, e.g. fast growth, flexible stem and high seed production, are able
to cope with highly dynamic conditions of an active channel-floodplain system. The species
composition of floodplain vegetation and its pattern on the floodplain are therefore shaped
by hydro-morphodynamic processes (Merritt et al., 2010; Corenblit et al., 2015).
Meandering rivers are characterized by a single-thread sinuous channel with meander
bends that grow and migrate in lateral and downstream direction. In meandering rivers,
flow dynamics lead to a lateral vegetation zonation of species with different timing in hydrochorous seed dispersal (Van Splunder et al., 1995) as well as patterns in age distribution
on the floodplain, where young, pioneer vegetation is generally found closer to the active
channel where seeds are deposited after a flood, and older vegetation on the higher distant
parts of the floodplain (Geerling et al., 2006). Active channel migration of the river further
promotes this pattern, when the active channel moves away from the established vegetation.
This allows the vegetation to continue to grow under lower hydro-morphodynamic pressure.
In turn, vegetation can promote and sustain river meandering by channel bank stabilization,
creating flow concentration within the channel and causing sediment accretion on vegetated
floodplains (Kleinhans, 2010). However, vegetation does not always promote meandering
since different vegetation settlement patterns can also lead to a river with multiple channels
(Van Dijk et al., 2013). It is clear that distinct patterns in river morphology and vegetation are
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caused by combined actions of vegetation- and hydro-morphodynamic processes acting on
local as well as large spatial and temporal scales. It is however far from clear which processes
and interactions create these patterns, how stable these patterns are, under what conditions
vegetation pattern formation dominates fluvial pattern formation and vice versa, and what
the ecological and hydro-morphological key-drivers are in determining these emergent patterns.

1.2

Modelling the interaction between vegetation and morphodynamics

Various types of models have been employed to study patterns in river morphology, patterns
in vegetation and their mutual interactions. The most simple models used for this type of
research are cellular automates. These models are rule-based, where the state of each gridcell depends on its direct neighbours (Murray and Paola, 2003). Cellular automata therefore
automatically exclude hydro-morphodynamic processes that act over larger spatial scales.
Nevertheless, the ecological processes are generally well represented in this type of models.
These processes include colonization, growth and mortality of various vegetation types (e.g.
Murray and Paola, 2003; Hooke et al., 2005; Coulthard et al., 2007). However, backwater effects, that act over larger spatial scales are not considered by cellular automata. Backwater
effects arise where the water flow slows down, for instance by a meander bend, where vegetation blocks the flow, or where it debouches in the sea or a lake. Due to the decreasing
flow velocity, water levels rise in upstream direction. This effect retrogrades in an upstream
direction over long distances, and creates gradient differences in the water surface, which locally influence sedimentation and erosion processes, and hence river dynamics (Kleinhans et
al., 2013). These large-scale effects can only be represented by more detailed, physics-based,
numerical models.
One of the first numerical, physics based models to couple river dynamics to riparian vegetation dynamics, although without sediment transport, was created by Perucca et al. (2007).
With their meander migration model, they found that different vegetation densities across
the floodplain, here representing vegetation in different climatic zones, led to differences
in meander bend skewness and meander migration rate. Yet another step forward was the
physics-based numerical model constructed by Crosato and Saleh (2011), that also included
sediment transport. They found that vegetation development created a single-thread channel,
as opposed to a multi-thread or braided river in the absence of vegetation. Also, the model by
Nicholas (2013) showed similar behaviour with dense or fast vegetation development. This
model also considered vegetation removal due to vertical erosion, thereby linking vegetation
mortality - although in a crude manner - to river dynamics. A recent model linking vegetation
dynamics to river dynamics was constructed by Bertoldi et al. (2014). Here, vegetation was
modelled as a biomass density function that could increase over time and was actively influenced by hydro-morphodynamics. In this model, also above- and below-ground vegetation
properties can actively influence river dynamics by creating hydraulic roughness depending
on vegetation abundance and type, and soil stability being dependent on vegetation biomass.
Still, the models described above either use simplified morphodynamic processes (i.e. cellular automata) or relatively simplified vegetation processes (i.e. advanced numerical physicsbased models with either static vegetation or biomass density functions). Yet, no model exists
that includes both detailed hydro-morphodynamics with processes acting on large spatial
scales as well as advanced vegetation colonization, growth and survival and their mutual interactions at the appropriate time scales, that are necessary to predict pattern dynamics in
river morphology and vegetation. In conclusion, there are considerable research gaps in our
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understanding of the interactions between vegetation and hydro-morphodynamics and the
resulting pattern dynamics in vegetation and river morphology, while there is lack of adequate instruments to investigate long-term effects of these interactions. Meanwhile, such
knowledge and tools are of fundamental importance for designing ecological restoration
plans and understanding their long-term effects.

1.3 Thesis objective and general approach
The main objective of this PhD research was:
‘To create a better understanding of emergent patterns in vegetation and fluvial morphology
arising from the interaction between hydro-morphological and ecological processes in meandering rivers and floodplains, and how these affect habitat suitability of fluvial species’.
I was interested in emergent patterns in vegetation and river morphology arising from interactions between river hydro-morphodynamics and vegetation development operating at a
range of spatial and temporal scales. To unravel key processes in the formation of these emergent patterns, the effects of isolated parameters and processes were investigated with a numerical physics-based model. To simulate the dynamic interactions with vegetation, a novel
vegetation model was established, representing vegetation settlement of multiple riparian
species, plant growth and mortality, and interaction of plants with hydro-morphodynamic
processes through hydraulic roughness. This model was coupled to Delft3D-FLOW, which is
a well-verified, physics-based morphodynamic model that has been successfully applied in
numerous studies (e.g. Lesser et al., 2004; Schuurman et al., 2013). This combined model is
the first in enabling long-term simulations of advanced interactions between vegetation and
river hydro-morphodynamics at the landscape scale.
An idealized model application was created, inspired by the river Allier in France, with
similar dimensions, hydro-morphodynamic boundary conditions, eco-engineering vegetation types, and habitats for vegetation and fish species. This modelled river reach is a natural,
intermediate sized, meandering gravel-bed river with dynamic interactions between vegetation and hydro-morphodynamics creating a heterogeneous habitat mosaic (Figure 1.4).
Furthermore, since the hydro-morphodynamics and vegetation of the Allier have been well
documented in the last decade (e.g. Geerling et al., 2006; Crosato and Saleh, 2011; Van Dijk
et al., 2014), this river provided ample data for model calibration and verification.
The general outline of this research is illustrated in Figure 1.5. To gain more understanding in the long-term interaction between vegetation and hydro-morphodynamics, a review
was made of the current advances in modelling interactions between vegetation, hydraulics
and morphodynamics on various spatial and temporal scales (chapter 2). This comprises the
spectrum from small-scale effects of flow resistance caused by leaves, to vegetation succession and larger-scale interaction models of vegetation and hydro-morphodynamics.
Subsequently the vegetation model was established and linked in a dynamic way to Delft3DFLOW in order to allow numerical simulation of the interaction with hydro-morphodynamics
(chapter 3). The model schematization, boundary conditions and vegetation types were inspired by the Allier River. First, a comparison was made of model results to vegetation patterns and river morphology derived from aerial photos and field data, to demonstrate that
the model is able to reproduce these natural patterns. Results from dynamic simulations were
compared to the traditional method of static vegetation modelling and to a scenario without
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Figure 1.4: A mixture of pictures from the Allier river in France to show examples of the diverse habitat mosaic
in a natural, dynamic river. Top: patterns in fluvial morphology (photo courtesy R. Noordhuis), bottom: patterns
in vegetation (left: photo courtesy R. Noordhuis, right: G. van Geest).
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Figure 1.5: Sketch with the general outline of this thesis. For more detailed explanation see text.

vegetation. Moreover, model sensitivity was tested to several vegetation parameters influencing vegetation settlement, interaction, growth and survival to determine the effects of these
vegetation-type dependent parameters on river pattern and morphodynamics.
In a subsequent analysis, the model was applied to analyse the bio-morphological interactions in a small mountainous, gravel bed river with a pluvio-nival hydrograph (chapter 4).
The results revealed the validity of the vegetation model when applied in other types of rivers
without exhaustive calibration. Using the model, the long-term effect of climate change on
riparian vegetation and river hydro-morphodynamics was explored by simulating various
scenarios of climate-induced changes in discharge.
Then, a new version of the model was established, containing updated processes and including additional vegetation types with other life-history strategies. This model was applied
to investigate the long-term effect of invasive herbaceous riparian species on native riparian
trees and river hydro-morphodynamics (chapter 5). Several scenarios were simulated with a
range of different invader sensitivities and two different invader dispersal mechanisms.
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Flow alteration as ecosystem pressure was further explored by assessing the bio-morphological impacts of acute and gradual changes in discharge regimes due to the construction of
dams and climate change (chapter 6). These impacts were simulated with the model for several scenarios with two opposing dam operating schemes, two climate change scenarios and
combinations of both dams and climate change. First it was analysed how combined flow
alteration pressures affect bio-geomorphological processes of eco-engineering vegetation.
Subsequently, the model was extended to assess the resulting habitat suitability facilitated
by the bio-morphological interactions of the eco-engineering vegetation for representative
fluvial plant and animal species.
To come full circle, it was investigated how the disturbed bio-morphological patterns that
arose from the dam scenarios would return to a post-disturbance state after the natural flow
regime was restored to natural conditions (chapter 7). This built upon model simulations
described in chapter 6 by restoring both dam operating scenarios. Using these simulations, it
was investigated and quantified whether and how fast the bio-morphodynamics of the river
would return to natural conditions, and how the duration and magnitude of the pressure
affects the recovery.
This thesis concludes in chapter 8 with a synthesis of the main results of this research,
reflection on the main new insights, and recommendations for river management and future
research.

16

Chapter 2
Advances on modelling riparian vegetation-hydromorphology
interactions

Riparian vegetation actively interacts with fluvial systems affecting river hydrodynamics, morphodynamics and groundwater. These interactions can be coupled because both vegetation
and hydromorphology (i.e. the combined scientific study of hydrology and fluvial geomorphology) involve dynamic processes with similar temporal and spatial scales. To predict and assess the consequences of restoration measures, maintenance operations or human pressures
in rivers, managers and planners may wish to model these interactions considering the different and interdisciplinary implications in the fields of ecology, geomorphology and hydrology.
In this paper, we review models that are currently available and that incorporate the processes
that relate riparian vegetation to hydromorphology. The models that are considered include
those emphasizing hydraulic- geomorphological processes (such as flow resistance, sediment
transport and bank dynamics) as well as those emphasizing ecological processes (seed dispersal, plant survival, growth, succession and mortality). Models interpreting the coupled evolution between riparian vegetation and river morphology and groundwater are also presented.
The aim is to provide an overview of current modelling capabilities and limitations and to identify future modelling challenges.

Published as: Solari, L., van Oorschot, M., Belletti, B., Hendriks, D., Rinaldi, M., Vargas-Luna, A. (2016).
Advances on modelling riparian vegetation-hydromorphology interactions. River Research and Applications 32(2), pp. 164-178. doi:10.1002/rra.2910
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2.1 Introduction
Vegetation is a key element in fluvial systems, controlling river corridor form and dynamics (Figure 2.1). Plants actively interact with fluvial processes; their above-ground biomass
can affect the flow field and sediment transport and therefore river morphological evolution, whereas their below-ground biomass modifies the hydraulic and mechanical properties
of the substrate and consequently the moisture regime and erodibility of the soil (Gurnell,
2014).
The interactions between vegetation and hydro-morphological processes are many and
complex, spanning a large range of spatial and temporal scales (Camporeale et al., 2013).
During floods, individual plants or plant patches can trap and stabilize sediments and plant
propagules, thereby promoting colonization of other plant species by building pioneer landforms. At larger scales, riparian vegetation dynamics are crucial for river planform evolution
(Gurnell et al., 2012). Additionally, the processes occurring at smaller scales, such as the dynamics of single patches, are probably crucial for larger scale geomorphological phenomena
(Gurnell, 2014). Importantly, vegetation and hydromorphological processes display comparable temporal dynamics; for instance fluvial erosion-sedimentation and the establishment
of complete vegetation cover have similar time scales and evolution rates; therefore, they
cannot be modelled separately (Camporeale et al., 2013).
Riparian vegetation colonisation and development is widely dominated by disturbance
conditions generated by flow and flood regimes and related morphological processes (Bornette et al., 2008). Within the channel, vegetation disturbance reaches a maximum, whereas
this reduces on river margins where competition with other species becomes more important
(Corenblit et al., 2007).

Figure 2.1: Examples of riparian vegetation in the Cecina river (Tuscany, Italy).

Current models have been formulated either considering one-way interactions (i.e. the
effects of vegetation on hydro-morphological processes, or vice versa), or two-way coupled
interactions. Accordingly, we distinguish the following four categories (Figure 2.2,topics 1-4):
1. Effects of vegetation on hydro-morphodynamics
Models in this category, typically developed within the fields of geomorphology and
engineering, include how vegetation affects flow resistance, sediment transport and
bank dynamics (both accretion and erosion). Here, vegetation is modelled as an abiotic element, and the relevant properties are associated to the bio-mechanical (such as
elasticity and tensile strength) and morphological plant features.
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Figure 2.2: Interactions between vegetation and hydro-morphology.

2. Effects of hydro-morphodynamics on riparian vegetation;
These effects consider ecological models aimed at evaluating the influence of hydromorphological variables on the different life stages of vegetation. Vegetation is therefore modelled as a biotic element. Processes modelled include: propagule dispersal,
vegetation recruitment, growth, succession and mortality. Models related to large wood
(recruitment, entrainment, transport and deposition) are also considered in this category.
3. Interactions between vegetation and hydro-morphodynamics;
Models here consider the coupled evolution of vegetation pattern and river altimetric and planimetric morphology. For instance, growth of vegetation can favour bank
stability thus reducing lateral flow erosion and thereby affecting channel pattern and
river morphology (Tal and Paola, 2010).
4. Interactions between vegetation and groundwater.
Models of this type may emphasise groundwater-river connectivity and vegetation
growth; models for flow of groundwater, vegetation growth and bio-geochemical processes.
The above four groups of model types are complemented by a fifth group concerned with
vegetation dynamics (Figure 2.2, topic 5). This includes models that simulate interactions
between plants and predict vegetation patterns in less disturbed environments (e.g. at higher
altitudes on the floodplain) as a result of competition and facilitation processes and considering invasive species.
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There have been a number of recent reviews of the effects of vegetation on various properties of fluvial systems, including considerations of hydrodynamics (Nepf, 2012), flow resistance (Aberle and Järvelä, 2013), sediment transport (Vargas-Luna et al., 2015), bank stability
(Pollen-Bankhead and Simon, 2010) and interactions between riparian vegetation and river
hydro-morphodynamics (e.g. Tal and Paola, 2010; Gurnell et al., 2012; Nepf, 2012; Camporeale et al., 2013). Nevertheless, there is still a need to transfer this knowledge into practice by making models more available for applications in river management and restoration.
Many existing models are applied to quantify a single process, but links between different
components of vegetation - hydro-morphology interactions are still not fully acknowledged.
Restoration and river management practice needs to assess and model these interactions in
order to consider their different, often interdisciplinary, implications for river ecology, geomorphology and hydrology. Accounting for these interactions is a key issue for managers
because they provide insights into both the beneficial and detrimental effects of vegetation
in the context of river management and restoration.
In response to this need, an extensive review of existing models relating to interactions
between vegetation and fluvial processes has been conducted (Gurnell et al. (2014b) within
the REFORM project; REstoring rivers FOR effective catchment Management; REFORM
(2016)), a collaborative EU project targeted to develop guidance and tools to make river
restoration and mitigation measures more cost-effective.
This paper summarises the main outcomes of the above, extensive review (Gurnell et al.,
2014b), by addressing two key questions: (i) what are the currently-available models that
water managers can consult, when they are developing river basin management plans, to
interpret and predict the interactions between riparian vegetation and hydro-morphology?;
ii) what are future research and modelling challenges? Note that, due to space limitations, we
mostly focus on modelling advances relating to riparian vegetation.

2.2 Effects of vegetation on hydro-morphodynamics
Vegetation can influence river hydrodynamics by changing the turbulent flow field and the
averaged velocity profiles in comparison with those that can be commonly found in nonvegetated flows. In this way, vegetation potentially has a relevant effect on flow resistance,
sediment transport and bank dynamics (Table 2.1).
2.2.1 Flow resistance
Evaluation of flow resistance is typically associated to the integrated effect of hydrodynamic
forces on the plants evaluated through a drag coefficient which is difficult to estimate (Aberle
and Järvelä, 2013). Current models are formulated for aquatic and riparian vegetation (see
Vargas-Luna et al., 2015, for review). With regard to aquatic vegetation, stem bending and
canopy configuration under hydrodynamic forcing is of primary importance (Nepf, 2012).
Dijkstra and Uittenbogaard (2010) developed a fully mechanistic model for predicting flow
velocity and plant bending of flexible aquatic vegetation. Luhar and Nepf (2013) provided a
mechanistic interpretation of well-known retardance curves (USDA, 1947) by showing that
the flow resistance decreases with the submergence ratio (height of deflected vegetation / flow
depth).
Regarding riparian vegetation, models consider both rigid and flexible vegetation. In the
rigid case, such as mature trees, vegetation elements are schematized as rigid cylinders. Current models, such as Baptist et al. (2007), allow one to evaluate flow resistance both in submerged and emergent conditions as a function of density, diameter and height of the vege20

Table 2.1: Models for the effects of vegetation on hydro-morphodynamics
Effects

Flow resistance

Sediment transport
Bank dynamics (hydrological
effects)
Bank dynamics (fluvial
effects)

Bank dynamics (mechanical
effects)

Models

Key references

Roughness due to aquatic vegetation,
roughness increase due to flexible riparian
vegetation, roughness increase due to
rigid riparian vegetation
Reduction of bed load, turbulent flow field
and suspended load , fine sediment
trapping
Canopy interception, evapotranspiration,
infiltration induced by root pathways
Reduction of shear stress by increase in
roughness, localised erosion related to
isolated trees, flow deflection, vegetation
growth on bars, fine sediment trapping in
vegetation patches

Järvelä (2004), Baptist et al. (2007),
Dijkstra and Uittenbogaard (2010),
Aberle and Järvelä (2013), and Luhar
and Nepf (2013)
Lopez and Garcia (1998), Kothyari
et al. (2009), Zong and Nepf (2011),
and Yager and Schmeeckle (2013)
Greenway (1987), Thorne (1990), and
Simon and Collison (2002)

Surcharge, soil reinforcement by roots,
anchoring, buttressing and soil arching,
wind action

Thorne (1990), Zong and Nepf (2011),
and Bertoldi et al. (2014)
Wu et al. (1979), Greenway (1987),
Simon and Collison (2002), Pollen
and Simon (2005), and
Pollen-Bankhead and Simon (2010)

tation. In the case of flexible leafy bushes and softwood trees, the contribution of leaves to
drag production cannot be neglected. The models by Järvelä (2004) explicitly take the effect
of the foliage into account through the Leaf Area Index (LAI). Input parameter values in
Järvelä’s model for different deciduous and coniferous species can be found in Aberle and
Järvelä (2013).
2.2.2 Sediment transport
No general sediment transport models incorporating the effect of vegetation are currently
available (Nepf, 2012). Various studies, typically based on laboratory observations with artificial vegetation, have explored the effect of vegetation on i) bed load, and ii) suspended
load.
Regarding bed load, various authors (e.g. Kothyari et al., 2009) have found that in vegetated
areas bed load transport rates are significantly smaller than in areas without vegetation. Bed
load can be expressed using a classical power function of the excess bed shear stress (calculated taking into account the total stem drag). However, Yager and Schmeeckle (2013) found
out that commonly used bed load transport equations were not able to capture the observed
average sediment ﬂuxes unless the spatial variability in the near-bed Reynolds stress is taken
into account.
Regarding suspended load, according to Nepf (2012), in vegetated regions, the turbulence
level is set by the vegetation drag and has little or no link to the bed stress. Since transport
of sediment, especially suspended load, is directly linked to turbulence, the approaches and
relationships developed for open-channel flows cannot be simply extended in regions with
vegetation. Numerical simulations of turbulent flow fields (such as Lopez and Garcia, 1998)
show that the decrease of suspended sediment transport capacity is due to a reduction in the
ability of vegetated flow (i.e. reduction of bed shear stress) to entrain sediment into suspension from the channel bottom. However, note that this is not generally true as, in real rivers,
flow into a vegetated area may carry sediments in suspension from upstream. Recent studies
(e.g. Zong and Nepf, 2011; Ortiz et al., 2013) have emphasised the effect of the complex flow
field associated with finite vegetation patches and the implications for sediment deposition,
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showing that vegetation may even have a destabilising effect on the sediments (i.e. removal
of fine sediments) due to high local turbulence intensities and vertical velocity components.
2.2.3 Bank dynamics
River-width is a dynamic property that depends on the joint action between erosion and accretion processes occurring at opposite river banks. These adjustments are influenced by a
wide range of conditions (ASCE Task Committee on Hydraulics, 1998). Vegetation plays a
key role in bank dynamics, affecting both processes of bank retreat and bank advance. Vegetation can significantly influence bank dynamics by modifying fluvial processes and affecting
the mechanical and hydrological configuration of banks in various ways. In terms of fluvial
processes, the main effect of reducing near-bank shear stresses can be modelled in terms of
flow resistance, whereas other specific effects such as localized erosion or deposition are more
difficult to account for. A change in stability due to vegetation (by means of mechanical and
hydrological effects) is highly dependent on site-speciﬁc factors. The net effect of vegetative
surcharge, i.e. the additional weight of vegetation on the bank surface, on bank stability can
be either beneﬁcial or detrimental, depending on such factors as the position of the tree on
the bank, the slope of the shear surface, and the friction angle of the soil (Greenway, 1987;
Thorne, 1990; Simon and Collison, 2002). The most important mechanical effect for both
bank erosion and bank accretion is the soil strength induced by the presence of a vegetation
root system. Most recent research (Pollen and Simon, 2005; Pollen-Bankhead and Simon,
2010) has shown that the previously-developed model of Wu et al. (1979) tends to overestimate the additional shear strength of the roots due to the assumption that the full tensile
strength of each root is mobilized during soil shearing, and that all the roots break simultaneously. Therefore, a new root reinforcement model (RipRoot) was developed based on fibre
bundle theory to account for progressive root breaking during shearing (Pollen and Simon,
2005; Pollen-Bankhead and Simon, 2010).
In terms of the influence of riparian vegetation on local-scale river bank hydrology, three
main effects can be distinguished; i.e. canopy interception, evapotranspiration, and infiltration induced by root pathways. Although these effects are well understood at a conceptual
level (e.g. Greenway, 1987; Thorne, 1990), they are in practice extremely difficult to quantify
and include in existing models.
In contrast to the advances in bank erosion modelling, bank accretion modelling is still in
its infancy. Some of the processes influencing bank accretion have been included in models,
but there is no general physics-based model that describes this phenomenon. Most recent
morphological models that consider bank accretion include vegetation effects by considering static plant properties (Nicholas, 2013; Asahi et al., 2013; Eke et al., 2014) or by assuming
vegetation development to be described in a simplified way (Bertoldi et al., 2014). In fact, it is
this simplified description of the vegetation dynamics that limits the up-scaling process from
numerical modelling exercises to real-river applications. The sedimentation induced by vegetation has been observed in laboratory experiments (e.g. Zong and Nepf, 2011), but models
estimating the effects of the fine sediment trapped in vegetation patches are still lacking.

2.3 Effects of hydro-morphodynamics on riparian vegetation
Amongst the several abiotic (e.g. water chemistry, light, wind) and biotic (e.g. competition,
invasive species; see below) factors that influence riparian vegetation processes, fluvial hydrodynamics (i.e. flow and flood regime and related processes) play a significant role in all plant
life stages, i.e. dispersal, colonization, recruitment, growth, succession and mortality (Fig22
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Figure 2.3: Effects of hydro-morphological processes on riparian vegetation.

ure 2.3). Successful riparian plants often adopt a combination of adaptive strategies during
different life stages in order to ensure their survival (e.g. high dispersal rates; adaptations to
resist stress; and vegetative reproduction; Camporeale et al. (2013)). Recently, several models have been developed to investigate vegetation processes in riparian systems influenced by
hydro-morphological processes (Table 2.2). However, probably because of the complexity of
such processes, conceptual models are still widely employed.
2.3.1 Vegetation dispersal
One of the main processes of vegetation dispersal within river corridors is hydrochory (dispersal by water transport). In general such models predict the spatial pattern of seed dispersal and deposition in terms of seed density at a given distance along the river from the
input point (e.g. Groves et al., 2009); concentration variability of seed deposition along river
margins (e.g. Merritt and Wohl, 2002); a probability distribution related to a generic longitudinal dispersion coefficient (e.g. Tealdi et al., 2010) or relative seed retention on different
riparian landforms (e.g. Steiger and Gurnell, 2003). Dispersion modelling has the potential
to improve management and restoration efforts in riparian zones. For example the flume
experiment of (Merritt and Wohl, 2002) combines flow regime, channel morphology, timing of seed release and species environmental preferences, allowing the management of flow
releases below dams in order to favour or inhibit species through hydrochory.
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Table 2.2: Models for the effects of hydro-morphodynamics on vegetation
Effects
Dispersal
Recruitment (survival and
early development)
Plant growth

Models

Key references

Spatial patterns of seeds and propagules
dispersal, seed density, dispersion
coefficient
Seedling survival and growth, riparian
vegetation composition, riparian
vegetation dynamics
Plant growth rate, vegetation biomass
density

Merritt and Wohl (2002), Steiger and
Gurnell (2003), Groves et al. (2009),
and Tealdi et al. (2010)

Succession

Occurrence of specific ecological groups,
vegetation types in time, vegetation width
variations, spatial distribution of
floodplain vegetation

Mortality - large wood

Recruitment, entrainment and transport,
deposition

Mahoney and Rood (1998)
Perucca et al. (2007)
Lenders et al. (2001), Lytle and Merritt
(2004), Aggenbach and Pelsma
(2005), Camporeale and Ridolfi
(2006), Harper et al. (2011), and
García-Arias et al. (2012)
Braudrick and Grant (2000), Haga
et al. (2002), Gregory et al. (2003),
Hassan et al. (2005), and Villanueva
et al. (2014)

2.3.2 Vegetation recruitment, early survival and development
In general these models predict the pattern of seedling survival and early growth after germination in response to hydromorphological conditions, supporting the management of riparian vegetation (e.g. encouraging/discouraging colonization and growth). One of the best
known model is the recruitment box by Mahoney and Rood (1998) which determines the
stream stage patterns that ‘enable successful establishment of riparian cottonwood seedlings’.
It can be applied to predict the effects of alternative restoration strategies (e.g. ecological, economic benefits), or to plan the management of hydrological altered river basins.
2.3.3 Plant growth
Few models address the issue of plant growth related to physical disturbances in river systems, and even less address individual plant growth. In general, these models may support
the understanding of the interaction between plant growth (i.e. mainly biomass) under specific hydromorphological conditions and river channel pattern variability in space and time.
For example Perucca et al. (2007) combine a numerical fluid dynamic model of meander
dynamics with a process-based model of riparian vegetation dynamics (i.e. biomass density)
based on the effect of water table oscillations, flooding and sedimentation.
2.3.4 Succession and vegetation distribution
Models of vegetation succession (i.e. the changes in species composition and other plant
community characteristics such as productivity, biomass, diversity) influenced by hydromorphodynamics can apply to local (i.e. site, reach, cross section) or larger (e.g. river segment, basin) scales. At the local scale, models predict the vegetation type, in relation to flow
and flood regime but also channel geometry, soil parameters, climate and management types,
in terms of:

1. Vegetation composition, i.e. species, phyto-sociological units (e.g. Aggenbach and Pelsma,
2005);
24

2. Riparian ecosystems, i.e. spatial distribution and extent of vegetation (e.g. Camporeale
and Ridolfi, 2006; García-Arias et al., 2012).

The majority of these models can be applied to assess the impact of vegetation management; to describe natural vegetation development; and to plan vegetation management (e.g.
under regulated flow regimes) and restoration measures. At a larger spatial scale, models
mainly concern the succession of ecotypes and related parameters (e.g. Lenders et al., 2001).
These models may support large scale management (e.g. reservoirs, flood prevention) in
terms of floodplain vegetation evolution also including land use. Finally, several models account for all the stages of vegetation development in rivers, allowing for different scenarios
of vegetation development to be investigated as well as long-term restoration or river management (e.g. Lytle and Merritt, 2004; Harper et al., 2011).
2.3.5 Mortality – large wood
The role of wood in river ecosystems has become an increasingly important focus. Analogies
between wood and sediment transfer provide a framework for synthesising current knowledge on large wood in rivers (Gurnell et al., 2002) and for conceptualising wood processes
in the following categories: (1) recruitment; (2) entrainment and transport; (3) deposition.
Although these processes are conceptually well understood, most of them are difficult to
quantify and include in numerical models. Furthermore, similarly to living vegetation, dead
wood has a series of other effects on flow hydraulics and morphodynamic processes that need
to be modelled.
Mechanisms of wood recruitment mainly include: (a) chronic mortality; (b) wildfires; (c)
erosion of river banks or other instream vegetated surfaces (bars or islands) and floodplain
forests; (d) landslides on hill-slopes connected to the stream.
Entrainment of wood is a difficult issue theoretically, given the complexity of interactions
between wood and other elements in the channel. Haga et al. (2002) developed a simplified
analysis for a cylindrical wood element with a size smaller than the channel width, allowing
definition of conditions for resting, rolling or sliding, and floating, as a function of the nondimensional ratio between hydrodynamic and resisting forces, and the ratio between flow
depth and the diameter of a wood element. Braudrick and Grant (2000) developed an analytical model that predicts the flow conditions needed to entrain individual wood pieces, and
described three distinct transport regimes (uncongested, congested, and semi-congested)
based on the channel area occupied by wood elements.
Various types of simulation models with different approaches have been developed in recent years to explore long-term or large-scale implications of wood dynamics. Gregory et al.
(2003) and Hassan et al. (2005) provide comprehensive reviews in which they compare and
discuss the characteristics of several models. The earliest wood models were mostly designed
to simulate the delivery of wood to streams from adjacent riparian forests, while more recent models have attempted to describe dynamics of wood by integrating input processes,
retention, decomposition, and redistribution over either long time periods and/or large portions of river networks. The most advanced model of wood dynamics is a two-dimensional
numerical model recently developed by Villanueva et al. (2014) to simulate the transport of
large wood material, its effect on hydrodynamics, bridge clogging processes, and wood deposition patterns, modelling the movement of individual pieces of wood with the water flow
and interactions among wood pieces and with the bridge.
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Table 2.3: Models for the interactions between vegetation on hydro-morphodynamics
Effects

Models

Key references

Bed dynamics

Plant biomass dynamics and bar dynamics
Bank stability, vegetation colonisation and
vegetation removal
Bank erosion and plant biomass
Bank stability, vegetation colonisation,
growth and mortality

Bertoldi et al. (2014)
Crosato and Saleh (2011) and
Nicholas (2013)
Perucca et al. (2007)
Murray and Paola (2003), Coulthard
et al. (2007), and Hooke et al. (2005)

Planform dynamics
Meander migration
Channel pattern migration

2.4 Interaction between vegetation and hydro-morphodynamics
Models that include the two-way interaction between vegetation and morphodynamics in an
integrated, dynamic manner are scarce. Recently, there have been several studies that model
the physics-based interaction between vegetation and morphodynamics (Table 2.3). These
studies can be divided into rule-based cellular automata and, more advanced, physics-based
numerical models.
2.4.1 Cellular automata
There is a range of cellular automata that investigate the impact of vegetation on morphodynamics (e.g. review in Camporeale et al., 2013). However, few studies have integrated the
on-line feedback between vegetation and morphodynamics. One of the first integrated models was constructed by Murray and Paola (2003). They investigated the effect of sediment
stabilization by vegetation roots on channel pattern. The model results support the hypothesis that bank-stability is the main cause of single-channel development and that vegetation
development can be sufficient to induce this response. The lack of meandering behaviour
in this model due to the inclusion of only local processes was overcome by Coulthard and
Wiel (2006) and Coulthard et al. (2007) in their CEASAR model by including curvature and
longer length scales. This model was applied to investigate morphological development due
to reduced sediment load resulting from dam construction (Coulthard et al., 2007). Different
vegetation growth rate scenarios were tested affecting the rate of lateral erosion by strengthening the river banks and riverbed. High vegetation growth rates forced the flow into a single
channel and caused channel incision by increasing the sediment load, while in scenarios with
low vegetation growth rates multiple channels could persist, decreasing the sediment load.
Probably the most extensive cellular automate was constructed by Hooke et al. (2005). In this
model morphology, hydrology, different vegetation types and groundwater were integrated.
The model was designed to simulate channel changes in ephemeral river channels and for
testing the effects of changing hydrological regime and land use.
Cellular models are often relatively easy to set up, do not require large quantities of input data and can perform fast calculations. However, these models have simplified physics
and cannot cope with highly heterogeneous systems (Coulthard et al., 2007). This means that
processes on longer length scales, like backwater effects influencing sedimentation and erosion processes or more detailed transverse slope effects, playing an important role in bank
formation (Schuurman et al., 2013), are neglected. Nevertheless, cellular automates can be
useful tools in making a general exploration of river morphology evolution and, for instance,
to pinpoint areas where more advanced numerical models should be employed.
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2.4.2 Physics-based numerical models
Crosato and Saleh (2011) were one of the first to test the effect of vegetation on river planform with an advanced physics-based numerical model. In each year, vegetation colonized
dry cells and increased the roughness value. Nicholas (2013) created a model which was able
to produce a range of river planforms. Vegetation was included in the same manner as in
Crosato and Saleh (2011), but here it could also be removed by vertical erosion. Both studies
described above show that dense or fast vegetation development can create a single-thread
channel as opposed to a multi-thread or braided river. The model constructed by Perucca
et al. (2007) contains different vegetation biomass density functions representing different
climatic zones. The maximum biomass of the vegetation depends on the distance from the
channel and affects bank erosion rates. Results show how different vegetation density functions generate different meander bend skewness and migration. However, contrary to the
models of Crosato and Saleh (2011) and Nicholas (2013), this model does not incorporate
sediment transport. Therefore, morphological development was not tested. A recently developed model coupling vegetation biomass dynamics with advanced morphodynamics was
created by Bertoldi et al. (2014). Here, aboveground and belowground vegetation properties
actively influence morphodynamics. Vegetation biomass can increase over time and vegetation can die through uprooting.
While cellular automata generally contain dynamic vegetation processes like vegetation
growth rates and mortality, these processes are surprisingly neglected in most advanced numerical models. However, numerical models contain more sophisticated physics-based calculations than cellular automata. All of the models discussed above contain elements that
could contribute to an advanced, fully coupled eco-hydromorphodynamic model with correct morphological and vegetation length and time-scales, including; i) advanced morphodynamics as presented in Crosato and Saleh (2011) and Nicholas (2013); ii) ecological processes
as described in the cellular automates and iii) appropriate vegetation time-scales as included
by Bertoldi et al. (2014). However, several building blocks are still missing.

2.5

Vegetation dynamics

Riparian vegetation shows a gradient of interaction with morphodynamics, with the highest
degree of interaction close to the channel. At higher altitudes, where there is less morphodynamic disturbance, vegetation succession occurs and the vegetation pattern evolves from a
patchy pioneer state to a more homogeneous mature state (Tabacchi et al., 1998). Here, internal plant processes as opposed to morphodynamic processes, begin to play a more dominant
role (White, 1979). The main processes that drive vegetation succession are competition and
facilitation. Competition is the process of species competing for resources such as nutrients,
water and light. Facilitation is the process of species supporting one another. This can be
either beneficial for both parties, also called mutualism, or one species creates favourable
conditions for another species indirectly. An example of the latter is an ecosystem engineer
that actively changes its environment by trapping sediment, elevating the soil and creating
less frequently flooded sites, or that adds nitrogen to the soil, benefiting surrounding plants
(Tabacchi et al., 1998; Brooker et al., 2007). Each species has a set of functional traits that
contribute to key events in its life cycle, thereby shaping its response to disturbances and
determining its competitive and/or facilitative abilities (Adler et al., 2014). The interplay between competition and facilitation can create spectacular regular vegetation patterns in a
range of ecosystems including wetlands and tidal areas. One of the explanations for regular vegetation patterns is spatial self-organisation by short-range facilitation and long-range
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Table 2.4: Models for vegetation dynamics
Effects

Models

Key references

Regular vegetation pattern
formation
Plant clustering or increased
competition

Short-range facilitation, long (or
intermediate)- range competition
Facilitation and competition under
disturbance gradient

van de Koppel et al. (2006) and
Borgogno et al. (2009)

Niche extension, survival

Facilitation

Vegetation cover, promoted
invasiveness
Clustering, competitive
advantage, invasion success

Interference mechanism, reproduction
trade-off

Competition

Droz and Pekalski (2013)
Travis et al. (2005), Tealdi et al. (2013),
and Le Bagousse-Pinguet et al. (2013)
Eppinga et al. (2011), Xiao et al.
(2012a), and Ye et al. (2013)
Goslee et al. (2001) and Allstadt et al.
(2012)

competition (Rietkerk and van de Koppel, 2008). Research has also shown that facilitation
is relatively more important in highly disturbed areas, whereas competition becomes more
dominant in less disturbed areas (Bertness and Callaway, 1994; Brooker and Callaghan, 1998;
Grime, 2002).
Alien plant species can invade and restructure plant communities by changing the balance between competition and facilitation processes (Santoro et al., 2012). Invasive species
can change the dominant morphology of the plant community and eventually alter channel
morphology by increasing hydraulic roughness and trapping sediment (Tickner et al., 2001;
Hoffman et al., 2008). Riparian zones are especially susceptible to invasions because invasive
plant propagules are easily dispersed through waterways (Grime, 2002).
There are many deterministic and stochastic eco-hydrological models available that predict regular vegetation pattern formation (review in Borgogno et al., 2009, and Table 2.4).
However, most of these models are applied in arid or semi-arid regions. One example of a
model applied in a wetland is used to explain the regular vegetation pattern of Carex stricta
(van de Koppel et al., 2006). The study shows that short-range facilitation and intermediaterange competition is the responsible mechanism for creating these regular patterns. On the
one hand by elevation of plant patches through extensive root growth, providing protection
against herbivores, and on the other hand, through shading of these roots, limiting plant
growth. A model showing that the relative importance of facilitation increases when disturbance or stress increases was developed by Droz and Pekalski (2013). In the model, plants
clustered in harsh conditions, while under favourable conditions, plants showed an increased
competition for resources. Other models have illustrated that facilitation can even extend the
natural range of species beyond their current niche (Travis et al., 2005; Le Bagousse-Pinguet
et al., 2013).
Only a few models that include both competition and facilitation have been applied in riparian zones. One model showing the importance of facilitation is that of Tealdi et al. (2013).
The results show that slow-growing species are better able to survive hydrologic stress when
facilitation increases. These results indicate that facilitation in riparian communities is an important process influencing vegetation distribution along riparian transects. Another model
was constructed to predict which hydrological parameter was the main regulating process determining vegetation cover in the riparian zone (Ye et al., 2013). Competition was included
in the model as a competitive index varying between species, according to their morphology
and growth. The feedback from plants to hydrodynamics was expressed as higher roughness
values. It was found that floods were the main regulator of vegetation cover.
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Several models include invasive species and their influence on the local species community (vegetation patterns) by changing the balance between competition and facilitation processes. The theory that the invasiveness of a plant can be promoted in its new environment
by interacting with a mutualist (i.e. an interaction which is beneficial for both species) was
confirmed by the model of Xiao et al. (2012a). The authors found that the effects of competitive intensity at a small spatial scale can potentially play an important role in large-scale
outcomes of invasions. Modelling has also demonstrated that shifts in resources can change
the balance within a community and promote invasiveness of a species (Eppinga et al., 2011).
This model combines a resource competition model for nutrients and light with litter dynamics. Results show that the invasive effect can be increased by a combination of plant-litter
feedbacks and evolutionary change which together amplify invasiveness. Interference mechanisms of plants, such as excretion of biochemical compounds to gain competitive advantage
(i.e. allelopathy), can affect interactions between invasive species and native species. In the
model of (Allstadt et al., 2012) interference mechanisms were modelled as a trade-off with
reproduction ability. Modelling results indicate that individual alien species do not gain advantage through interference because their rate of reproduction is too low for them to spread
rapidly, but where they occur in clustered plant patches there are enough propagules to compete with native species for open sites. The model of Goslee et al. (2001) also takes allelopathy
into account. The importance of allelopathy and soil texture on growth, recruitment and invasion success of a non-native forb was modelled in semiarid grasslands. They found that at
moderate levels of allelopathy, the simulated results match the observed community composition, indicating that allelopathic interactions contribute to invasion success and influence
the vegetation pattern.
Although vegetation dynamics begin to play a more prominent role in less disturbed areas of the floodplain, they have a strong effect on the development of vegetation patterns.
Interaction between plants can for instance change the dominance of specific species by resource competition, create regular vegetation patterns by interplay between facilitation and
competition, and can create settlement conditions for other species by facilitation. Therefore,
implementing vegetation dynamics in morphodynamic models could be a valuable addition
to predicting how vegetation patterns will evolve in times of fewer disturbances and which
plant morphologies will prevail.

2.6

Interaction between vegetation and groundwater

Plant physiology is directly linked to the availability, the chemical composition, and the temperature of soil moisture in the unsaturated zone. Vegetation functions best under plant
specific ideal soil moisture conditions. Plants under water- or oxygen-stress decrease both
their transpiration and photosynthesis through a number of responses, including closing
their stomata (e.g. Feddes et al., 1978; Homaee et al., 2002; Bartholomeus et al., 2008). Each
plant species also functions best under plant-specific optimum soil water quality (most importantly: salinity, nutrient availability, acidity) and temperature conditions (Van Wirdum,
1980; Klijn, 1989; Witte et al., 2008).
Ecosystems which require access to groundwater on a permanent or intermittent basis
to meet all or some of their water requirements to maintain their ecosystems, such as wetlands, lakes, rivers, riparian zones, springs, lakes, caves, and aquifers, are called Groundwater
Dependent Ecosystems (GDE; Richardson et al., 2011). In such ecosystems, groundwater is
an important source of soil moisture available for plants. In general, vegetation extracts water from the upper aquifer, the phreatic aquifer, of which the unsaturated zone forms the
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Table 2.5: Models for the interactions between vegetation and groundwater.
Effects

Models

Key references

Flow of groundwater

MODFLOW: Groundwater levels and flow

Vegetation growth

DEMNAT- Dutch national eco-hydrological
prediction, ecohydrological Hillslope
Model, NUCOM, PROBE, RIP-ET module for
riparian zones and wetlands, SWIM,
VSD+-SUMO-NTM

Bio-geochemical processes

MT3D

McDonald and Harbaugh (2003)
Krysanova et al. (1989), Berendse
(1994), Witte (1998), Van Ek et al.
(2000), Van Oene and Berendse
(2001), Baird et al. (2005), Brolsma
and Bierkens (2007), Wameling
(2007), Witte et al. (2007), and Bonten
et al. (2010)
Zheng (1990)

top layer. The availability and chemical composition of this groundwater depends on the
climate (precipitation and evaporation), the (regional) groundwater flow, and the chemical
composition of the rocks and sediments in the subsurface. The local groundwater level and
composition is also affected by the plant transpiration. Hence, besides (variations in) groundwater characteristics it is important to take into account the feedback mechanisms between
groundwater and vegetation by integrating groundwater dynamics (quantity and quality) in
an eco-hydrological model.
When coupling vegetation models to groundwater dynamics (Table 2.5), it is preferred
to use non-stationary, spatially distributed groundwater models that combine information
on groundwater depths, soil and subsurface properties, and meteorological information to
simulate groundwater levels and groundwater flow (e.g. MODFLOW; McDonald and Harbaugh, 2003). Ideally, a groundwater model is used that includes groundwater quality and
the chemical processes in the groundwater (e.g. MT3D; Zheng, 1990). However, if spatially
distributed groundwater models are not available, it is also possible to take groundwater into
account in a more simplified way by using one-dimensional water balance models, data-bases
with spatially distributed information on soil types and classes of groundwater levels, or local
groundwater measurements.
Various vegetation models that have a coupled groundwater module exist. Some of these
coupled eco-hydrological models are mechanistic models, which simulate processes based on
causal relationships (Witte et al., 2008). Mechanistic eco-hydrological models for groundwater dependent ecosystems often include the Soil Water Atmosphere Plant (SWAP) model (e.g.
Van Dam et al., 1997; Van Dam and Feddes, 2000). SWAP describes the transport of soil water
as dependent upon climate, vegetation characteristics, soil characteristics and groundwater
regime and contains feedback mechanisms between vegetation and soil (moisture). The lower
boundary describes the interaction with regional groundwater (Kroes et al., 2008). Groundwater – vegetation models that include a SWAP module are the models PROBE (Witte et al.,
2007), NUCOM (Van Oene and Berendse, 2001), and the Eco-hydrological Hillslope Model
(Brolsma and Bierkens, 2007). The RIP-ET module for riparian zones and wetlands, offers
another integrated groundwater-vegetation modelling approach (Baird et al., 2005): evapotranspiration is modelled by using detailed information on groundwater level and topography, and by replacing the evapotranspiration flux curve often incorporated in groundwater
models with a set of eco-physiologically based curves for plant functional groups.
Other eco-hydrological models with coupled groundwater – vegetation modules adopt a
semi-mechanistic approach, whereby groundwater and soil moisture availability are often
linked to vegetation and plant functioning by indicator values. How environmental changes
influence site factors such as moisture regime and nutrient availability is – as far as pos30

sible – modelled in a mechanistic way. The relationship between site factors and species
composition, however, is determined in a correlative way (Witte et al., 2008). An example
is the Dutch national eco-hydrological prediction model DEMNAT that is based on geographical schematization of ecosystems, dose-effect functions, and a conservation valuation
module(e.g. Witte et al., 1992; Van Ek et al., 2000). Another example is the SWIM model
(Krysanova et al., 1989) that integrates hydrological processes, vegetation, nutrients (nitrogen and phosphorus) and sediment transport at the river basin scale. Various other semimechanistic models are (partly) based on the Ellenberg indicator values: INFORM (Hens
et al., 2011) and VSD+-SUMO-NTM (e.g. Berendse, 1994; Wameling, 2007; Bonten et al.,
2010). The Ellenberg indicator values system (Ellenberg et al., 1991) is based on information
of the groundwater-related parameters moisture availability and nitrogen, salinity, and alkalinity of soil moisture of site types in central Europe, acquired during numerous field studies
of plants and ecosystems.

2.7

Future research and modelling challenges

In general, more efforts are required to fully integrate models for vegetation dynamics in
hydro-morphological models considering the two-way coupled interactions at various flow
conditions and at various spatial scales (from a geomorphic unit, e.g. a bar, to an entire river
and even an entire catchment). These models not only should take into account seasonal
variations and geographical considerations, such as climate and geology, but also the effects
of soil properties and of groundwater distribution. More specifically, the following topics
need to be further explored for modelling purposes.
The hydraulics of vegetated flow does not fully consider the impact of different vegetation
properties (flexibility, density, foliage, spatial distribution) on turbulent flow structures and
secondary currents. This has relevant implications in the evaluation of flow resistance and
sediment transport which are now estimated using average flow quantities through empirical
parameters that are difficult to quantify (such as the drag coefficient). Moreover, uprooting
and the breakage of plants during high-flow conditions may give rise to significant changes in
the flow field and sediment transport between the rising and falling limbs of the hydrograph.
More research is needed to understand the impact of stochastic variability of river discharge and of groundwater flow (spatial- temporal dynamics of soil moisture and of water
table) on vegetation processes and pattern evolution. Additional research on oxygen stress
resulting from wet conditions is required (Bartholomeus et al., 2008) to improve groundwater – vegetation modelling.
There is also a requirement for the development of quantitative ecological models for: i)
hydrochory, to obtain a more accurate pattern of vegetation dispersal; ii) early colonization of
vegetation, by relating it to the type of substrate, competition, herbivory, groundwater level;
iii) plant growth rates at the scale of individuals; iv) vegetation succession; and v) mortality of
vegetation by including other causes of mortality like flooding, desiccation, burial and scour.
Additionally, there is a need to understand response of vegetation traits to physical disturbances. For instance, it would be of interest to compare the seedling survival and plant
growth rate of different species of propagules following a disturbance. Indeed, riparian vegetation models often apply specifically to the Salicaceae (i.e. Populus spp., Salix spp.), living
in the temperate zone of the northern hemisphere, where most models have been developed.
Field research and model development needs to be extended to other regions and climatic
contexts (Gurnell, 2014).
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With regard to riparian pattern dynamics, until now, competition and facilitation processes are generally not included in advanced physics-based models. Therefore the main
challenge is to integrate the existing knowledge on competition and facilitation, including
the effect of invasive species, from previous modelling advances and conceptual models at
different spatial and temporal scales into future numerical models.
Concerning dead vegetation and large wood, numerical models of wood dynamics are at
an initial stage (e.g. Villanueva et al., 2014), and much remains to be done to fully integrate
processes of wood delivery, transport and deposition with other hydrodynamic and morphodynamic processes.
Additional research is required on how the dynamic interaction between vegetation and
morphodynamics influences vegetation patterns and river planform at the reach scale. Of
particular relevance is the process of bank dynamics (accretion and erosion). More work
is needed to better understand the hydrological effects of riparian vegetation and to incorporate them into models of bank erosion and bank accretion. Also, modelling interactions
among the various processes of erosion and mass failures, and the relative role of vegetation
on near-bank hydrodynamic flow conditions, erodibility parameters, and shear strength is
another area where knowledge is limited. Existing models of bank stability and vegetation
are two-dimensional, and it is difficult to extend results from a bank profile to a reach and account for variability of hydrodynamic, geotechnical, and vegetation conditions. This should
be achieved by including vegetation and bank erosion processes into 3-D morphodynamic
models. The formulation of a physics-based model for quantifying bank accretion is also
required, by including the effects of vegetation, discharge variability, and fine sediment processes.

2.8 Conclusions
Modelling the interactions between vegetation and hydro-morphology requires interdisciplinary research incorporating the fields of plant ecology, geomorphology and hydrology.
Many models have been already formulated to provide an interpretation of the interactions between vegetation and hydrodynamics, morphodynamics and groundwater. Recent
models describing the coupled evolution between vegetation dynamics and river altimetric and planimetric evolution (e.g. Crosato and Saleh, 2011; Bertoldi et al., 2014) can predict the response of a river to human pressures such as the implementation of restoration
measures and maintenance operations, in a extremely schematic but quantitative way. However, despite the enormous advances of the last decade, the complexity of the involved processes mean that current modelling capabilities are very uneven. For example, quantitative,
advanced mathematical models have been formulated in vegetation hydrodynamics (Nepf,
2012); while conceptual models are still employed for evaluating the interactions between
hydro-morphodynamic variables and plant life development. In addition to this, modelling
of other processes, such as sediment transport in vegetated areas or bank accretion, are still
in their infancy as they are not yet completely understood.
Actually, there is still much to be learnt about the interactions between plants and hydromorphology (Gurnell, 2014), and we suggest that, in particular, more research is needed to
improve the current modelling capabilities on the following topics:
• interaction between vegetation and flow turbulent structures and implications in sediment transport;
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• interaction between river bank accretion and vegetation dynamics, discharge variability, and fine sediment processes;
• coupling between processes of wood delivery, transport, deposition and river morphodynamic evolution;
• inclusion of vegetation evolution in relation to its direct interaction with morphodynamic processes;
• inclusion of the effects of hydro-morphology on riparian communities;
• coupling of competition and facilitation processes in integrated reach scale hydromorphodynamic models;
• coupling of groundwater dynamics with eco-hydrological models.
Acknowledgements
The work leading to this paper was funded through the European Union’s FP7 programme under Grant
Agreement No. 282656 (REFORM). The present work was developed within the context of Deliverable
D2.2 of the REFORM programme. The authors thank Tom Buijse and Gertjan Geerling for reviewing
an earlier version of this manuscript.

33

Chapter 3
Distinct patterns of interaction between vegetation and morphodynamics
Dynamic interaction between river morphodynamics and vegetation affects river channel patterns and populations of riparian species. A range of numerical models exists to investigate
the interaction between vegetation and morphodynamics. However, many of these models
oversimplify either the morphodynamics or the vegetation dynamics, which hampers the development of predictive models for river management. We have developed a model coupling
advanced morphodynamics and dynamic vegetation, which is innovative because it includes
dynamic ecological processes and progressing vegetation characteristics as opposed to commonly used static vegetation without growth and mortality. Our objective is to understand and
quantify the effects of vegetation type dependent settling, growth and mortality on the river
pattern and morphodynamics of a meandering river. We compared several dynamic vegetation
scenarios with different functional trait sets to reference scenarios without vegetation and with
static vegetation without growth and mortality. We find distinct differences in morphodynamics and river morphology. The default dynamic vegetation scenario, based on two Salicaceae
species, shows an active meandering behaviour, while the static vegetation scenario develops
into a static, vegetation dominated state. The diverse vegetation patterns in the dynamic scenario reduce lateral migration, increase meander migration rate and create a smoother floodplain compared to the static scenario. Dynamic vegetation results in typical vegetation patterns, vegetation age distribution and river patterns as observed in the field. We show a quantitative interaction between vegetation and morphodynamics, where increasing vegetation cover
decreases sediment transport rates. Furthermore, differences in vegetation colonization, density and survival creates distinct patterns in river morphology showing that vegetation properties and dynamics drive the formation of different river morphologies. Our model demonstrates
the high sensitivity of channel morphodynamics to various species traits, an understanding
which is required for floodplain and stream restoration and more realistic modelling of longterm river development.

Published as: van Oorschot, M., M. G. Kleinhans,. G. W. Geerling, and H. Middelkoop (2016). Distinct
patterns of interaction between vegetation and morphodynamics. Earth Surface Processes and Landforms 41(6), pp. 791-808. doi:10.1002/esp.3864
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3.1 Introduction
Riparian vegetation interacts with morphological processes to create distinct habitat mosaics (see Tockner and Stanford, 2002; Gurnell, 2014, for reviews) and river patterns (see
Bertoldi et al., 2009; Kleinhans, 2010, for reviews). Although numerous studies have described the links between biological and physical characteristics in rivers (e.g. Bertoldi et al.,
2009; Corenblit et al., 2011; Gurnell, 2014), these are mainly empirical and the underlying
processes are known only in outline. Currently, there is insufficient quantitative understanding of the dynamic interactions in these systems to integrate this knowledge in predictive
models for river management (Vaughan et al., 2009).
Riparian vegetation both affects and is affected by morphodynamic processes. Vegetation
can increase the strength of river banks by reinforcing the soil by root development and by increasing soil cohesion through the addition of organic material (Simon and Collison, 2002).
Conversely, vegetation can also decrease bank stability by affecting the hydrological regime
in the bank, which can cause mass failure (Rinaldi and Casagli, 1999). Vegetation can alter
the flow field and subsequently the sediment balance through hydraulic resistance, which is
determined by parameters such as plant density, plant thickness, plant height and flexibility
(Järvelä, 2002; Baptist et al., 2007; Zong and Nepf, 2011). This means that the degree to which
vegetation is affected by morphodynamics depends on the characteristics of the vegetation.
Riparian vegetation has specialized in withstanding dynamic conditions by developing life
history strategies with traits enabling them to survive periods of flooding, scour, burial and
high flow velocities (Karrenberg et al., 2002). These species have also adapted their timing
and period of seed dispersal to the flow regime (Van Splunder et al., 1995; Greet et al., 2011).
For instance, several Salicaceae species such as willows and cottonwoods have different seed
dispersal windows resulting in a vegetation zonation at different elevations on river bars and
banks (Van Splunder et al., 1995). In turn, such species act as ecosystem-engineers because
they colonize and subsequently stabilize the location where they grow as well as demobilize
bare substrate around the vegetation patch (Corenblit et al., 2009). This hydraulic resistance
can lead on the one hand to flow diversion into the river channel (Luhar et al., 2008), and on
the other hand to deposition of fine sediment and organic material within and behind the
vegetation patch (Zong and Nepf, 2011). The interplay between vegetation and morphodynamics creates habitat variation in terms of elevations, substrate, flow conditions and nutrient
availability which form new niches for other species and is therefore the first step in the chain
of vegetation succession (Gurnell, 2014).
Meandering rivers are formed by the interplay between erosion of the outer bend and deposition on the point bars in the inner bend (Roberts, 2003). Highly sinuous rivers are formed
when the point bars are stabilized, i.e. by vegetation development, thereby preventing chute
cut-offs and promoting lateral expansion of the meander bends (Schuurman et al., 2016). But
the extent of vegetation stabilization and thereby the formation of river floodplain strongly
depends on the type of vegetation. Therefore one would expect that vegetation properties
and dynamics play a large role in shaping the river planform.
There are many modelling studies describing the effect of morphodynamics on vegetation
by predicting vegetation distribution and succession depending on morphodynamic parameters such as flooding duration and shear stress (Camporeale and Ridolfi, 2010; Rivaes et
al., 2014; García-Arias and Francés, 2016), or solely focusing on the effects of vegetation on
flow resistance (Aberle and Järvelä, 2013; Luhar and Nepf, 2013) or mechanical bank dynamics (Pollen-Bankhead and Simon, 2010). Furthermore, there are analytical modelling studies
including the two-way interaction between vegetation and morphodynamics that show the
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effect of vegetation biomass on meander migration dynamics (Perucca et al., 2007) and landscape topography (Vesipa et al., 2015).
Experimental research has shown that uniform vegetation development in floodplains can
transform rivers from multi-thread to single-thread channels (Braudrick et al., 2009; Tal and
Paola, 2010; Van Dijk et al., 2013). Likewise, numerical modelling with cellular automata
(Murray and Paola, 2003; Coulthard et al., 2007) and higher-complexity, physics-based modelling studies (Crosato and Saleh, 2011; Nicholas, 2013; Bertoldi et al., 2014) suggest such
pattern transforming effects by vegetation in rivers. However, most numerical models to
date are hampered by oversimplification of either the morphodynamics or the vegetation
dynamics (Solari et al., 2016). Most studies with cellular automata included more ecological processes such as colonization, growth, resource utilization and mortality, than studies
conducted with physics-based models. However, the morphodynamic processes in cellular
automata are rather simplistic as they do not reproduce grid-independent bar dimensions
found in nature and predicted by theory (Schuurman et al., 2013). The results are mainly
qualitative and cannot handle situations with large parameter fluctuations (Coulthard et al.,
2007). More complex models include phenomena on longer length scales, such as backwater
effects, and detailed transverse slope effects on sediment transport that are essential to reproduce bar patterns (Schuurman et al., 2013). In such advanced physics-based models however,
vegetation is often simplified to uniformly distributed, static cylinders without growth or
mortality. None of the advanced physics-based modelling studies discussed above have implemented these dynamic vegetation properties in their models. This results in a pre-defined
dense, static effect of vegetation on river morphology as opposed to a heterogeneous natural
vegetation cover which is actively interacting with morphodynamics. However, to be able
to predict long-term river and floodplain evolution and coexisting vegetation, it is necessary to link dynamic ecological processes to advanced morphodynamics (Stella et al., 2006;
Camporeale et al., 2013; Curran and Hession, 2013).
Our objective is to understand and quantify effects of vegetation type dependent settling,
growth and mortality with life-stage dependent hydraulic resistance on the river pattern and
morphodynamics of a meandering river. To this end we present a model coupling hydraulic
resistance caused by multiple vegetation types, depending on seed dispersal, colonization,
growth and mortality, to a two-dimensional model that solves unsteady flow, sediment transport and morphological change at the spatial and temporal resolution appropriate for river
channel-floodplain interactions. We compare river planform, vegetation pattern and morphodynamics for a scenario containing vegetation with dynamic properties based on two
Salicaceae species to reference scenarios without vegetation and with commonly used static
vegetation. Furthermore, we quantitatively analyse the interaction between vegetation and
morphodynamics and test the applicability of the model by evaluating several vegetation
types with different properties and sensitivities for morphodynamic pressures.

3.2

Methods

3.2.1 Morphodynamic model description
We modelled morphodynamics with the Delft3D code (version 4.00.01) for a river reach
with about three meander wavelengths and we developed a new model for vegetation dynamics which we coupled to Delft3D. Delft3D was chosen because it is one of the most comprehensive scientific morphodynamic models to date that has been successfully applied and
validated in a large number of scientific studies (e.g. Langendoen, 2001; Lesser et al., 2004;
Gerritsen et al., 2007) and engineering studies where accuracy in the order of decimetres
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is important (see Schuurman et al., 2013, for examples). Here we use the two-dimensional,
depth-averaged flow option for reasons of efficiency and we calculate sediment transport
and bed level changes (see Schuurman et al., 2013, for details on parameters and settings).
The hydrodynamic and morphodynamic time steps were chosen to attain feasible calculation
times for the required resolution and were set to respectively 0.2 and 6 min. A constant morphological multiplication factor of 30 was applied to the bed level changes per hydrodynamic
time step. The total run time of the model was 300 years. Detailed parameter settings can be
found in Table 3.1.
Hydraulic resistance caused by vegetation was calculated in each grid cell for flow through
vegetation and flow above vegetation from the Baptist et al. (2007) relation:
C= √
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where C is the Chezy value of the vegetation (m 2 /s), Cb is the Chezy value for the unvegetated parts, cd is the drag coefficient, n is the vegetation density (stem diameter x number
of stems per m2 ), hv is the height of the vegetation (m), h is the water depth (m), κ is the Von
Karman constant (0.41) and g is the gravitational force (9.81 m/s2 ). Multiple vegetation types,
here we use two, with different ages and different properties can occur in one grid- cell, so
the Chezy value was calculated separately for each type and age and subsequently the total
sequential Chezy coefficient was calculated weighted by fraction coverage.
3.2.2 Vegetation model description
We modelled vegetation in Matlab (R2013b) by retrieving bed levels, flow velocities and water levels from Delft3D at the beginning of each ecological time step and restarting it with
updated information on vegetation characteristics that were used in Delft3D for hydraulic
resistance calculations (Figure 3.1). Riparian trees (Salicaceae species) were selected as the
main vegetation types because these are the dominant ecosystem engineering species that
grow on river floodplains in Northwest Europe (Corenblit et al., 2009; Gurnell, 2014). The
ecological time step was set to approximately 2 weeks to maintain an adequate interval for
ecological processes, leading to 24 time steps within one year. At the beginning of each ecological time step, the morphodynamic model was paused, vegetation processes were calculated and updated vegetation location and characteristics were fed back into the morphodynamic model. All vegetation processes were handled within one year. The general vegetation
processes are explained below.
We specified two vegetation types with general characteristics and life stage-specific parameters. General characteristics are maximum age, initial sizes of shoot, root and stem diameter (for seedlings), growth factors for logarithmic growth of shoot, root and stem diameter and timing of seed dispersal. Life stage-specific parameters are the number of stems per
unit area, the fraction of area covered per grid cell, a drag coefficient, and mortality rules for
flooding, desiccation and uprooting due to high flow velocity. This means that we could account for changing characteristics such as plant shape, which is relevant for interaction with
morphodynamics, throughout the life cycle of a vegetation type.
Colonization of riparian tree seedlings takes place on moist, bare substrate between the
maximum and minimum water levels during the dispersal window, i.e. the time period of
successful germination of a species. This colonization mechanism was also described in Corenblit et al. (2009) and Gurnell (2014). Many riparian pioneer tree species also employ asexual
reproduction as a means of dispersal Karrenberg et al. (2002). However, in our study area
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Figure 3.1: Flow diagram of processes and dynamic interactions in the model.

along the Allier river, most adult vegetation stands of P. nigra originated from seeds, confirming our choice for only taking sexual reproduction into account (Legionnet et al., 1997).
Following the dispersal window, vegetation was assigned to the grid cells. We assumed that
seed supply was unlimited, causing seedlings to fill all grid cells within the boundaries of
the bare substrate. This is a valid assumption for dominant riparian trees with a large seed
production (Braatne et al., 1996). Seedlings were allowed to settle in grid cells with a density
depending on the degree of antecedent vegetation cover as follows: if a colonized grid cell was
empty, the grid cell was assigned a fraction of the colonizing vegetation type according to the
pre-defined initial cover fraction. A cover fraction of 1 represents a completely filled grid cell.
If a cell was partially covered by other vegetation, the cell was filled up with seedlings up to
a fraction of one. This means that multiple vegetation types with different ages can reside in
a single grid-cell and there is competition for space.
Vegetation growth of shoot, root and stem diameter were implemented as logarithmic
growth functions as a result of age calculated with the following formula:
G = Fv log(a)

(3.2)

where G is the size (i.e. of the shoot, root or stem diameter) in meters, Fv is the vegetation
type dependent logarithmic growth factor and a is the vegetation age in years. The size of
the seedlings was taken from the initial conditions of the first life stage. When vegetation
survived the calendar year, it increased in age until the maximum age was reached.
Mortality of vegetation is calculated at the end of each calendar year and depends on days
of subsequent flooding per year, days of subsequent desiccation per year, maximum flow
velocities, burial and scour. Subsequent days of flooding or desiccation were recorded by
registering wet and dry cells at average water levels within two ecological time steps. If a cell
did not change from wet to dry or vice versa between ecological time steps, it was recorded
and added to the value already present in the matrix. At the end of the year, the wetting and
drying matrices were multiplied by the number of ecological time steps within that year.
Mortality by flooding, desiccation and high flow velocities was determined by a dose-effect
relation where the percentage of plants not surviving the morphodynamic pressure was on
the y-axis and the morphodynamic pressure was on the x-axis (Figure 3.2). The relation contains a threshold value after which the vegetation started to die, and a mortality fraction of
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Figure 3.2: Example of the dose-effect relation between vegetation mortality and morphodynamic pressure.
Morphodynamic pressures are duration of flooding or desiccation (in days) or flow velocity (m/s). The threshold
determines the onset of vegetation mortality and the slope determines the range of conditions over which
mortality increases. A vertical slope means a sharp threshold. Thresholds and slopes are specified as input for
the three morphodynamic pressures for all life stages of all vegetation types.
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Figure 3.3: Location of the study site: a meandering reach of the river Allier in France.

the vegetation related to the pressure which was determined by the slope of the curve. The
slope was implemented as a value between 0 and 1, where 1 is a vertical line representing
immediate mortality after the threshold is exceeded and 0 is a horizontal line representing
no mortality. The threshold and the slope were user defined and were set for each life stage
per vegetation type. Mortality was implemented by reducing the fraction of the corresponding vegetation type within a grid cell. This was done by calculating the mortality percentage
from the mortality curve as a portion of the initial fraction (Mortality fraction = mortality
× initial fraction) which was then subsequently subtracted from the current fraction before
mortality (New fraction = current fraction - mortality fraction). In this way the cell could
become completely empty and no small fractions would remain if the mortality percentage
did not reach 100% in time. Vegetation dies through burial if the whole plant was buried.
This is the case if the amount of sedimentation was higher than the plant shoot height. Vegetation dies through scour if the scour depth exceeds the plant root length. Sedimentation
and erosion are calculated as bed level differences between two ecological time steps, where
the maximum value in all ecological time steps is stored per year and subsequently used to
calculate burial and scour. When the maximum vegetation age is reached, vegetation dies
due to senescence.
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Figure 3.4: Initial conditions and boundary conditions for the model. (A) Initial bed level detrended with valley
gradient. Dashed line is the location of the cross section in (B) with maximum and minimum water levels in
the initial conditions. (C) Five time series of flow discharge over one year, randomly selected for a time series of
300 years.

3.2.3 Model set-up
Model parametrization, initial and boundary conditions were loosely based on a reach of
the river Allier in France (Figure 3.3). The river Allier is a rain-fed, gravel bed river originating from the Massif Central with a mean annual flood discharge of 500 m3 /s and mean
annual minimum discharge of 27 m3 /s (Crosato and Saleh, 2011; Van Dijk et al., 2014). The
Allier is one of the main tributaries of the river Loire. Part of the river valley is a designated
natural reserve area without navigation and flow regulation where the river follows a meandering planform (Geerling et al., 2006). The Allier is highly dynamic with active growth of
point bars, erosion of outer banks and frequent chute cut-offs (Kleinhans and van den Berg,
2011). The riparian vegetation consists of pioneer trees, herbaceous vegetation, softwood forest, hardwood forest, shrubs and grass. The vegetation cover is changing dynamically related
to changes in the fluvial morphology (Geerling et al., 2006). This dynamic interaction is the
most interesting for our purpose to critically test our model concept; more interesting than
cases where either the morphodynamics or the vegetation is dictating the dynamics.
Boundary and initial conditions were applied as follows. The upstream discharge was sampled from five generalized discharge years of the Allier and ranging from 400 m3 /s in winter
to 50 m3 /s in summer (Figure 3.4C). Downstream water levels related to discharge were determined iteratively by hydrodynamic modelling for static bed levels in the absence of vegeta41

Table 3.1: Table with morphodynamic parameter settings
Parameter
Timespan model run
Hydrodynamic time-step
Morphological scale factor
Time-step bed level change
Time-step vegetation
Grid size (width × length)
Cell size (width × length)
Chezy value bare substrate
D50
Sediment transport predictor
Initial sinuosity

Value

Unit

Reference or motivation

300
0.2
30
6
21900
1000 × 3600

yr
min
min
min
m

At least one life cycle of a riparian tree
Based on grid cell size and flow velocity
Schuurman et al. (2013)

25 × 25

m

25
5 × 10−3
Engelund-Hansen
1.3870

m 2 /s
m
-

1

To capture main ecological processes
Covering a few meanders
Compromise between resolution and
model efficiency
Van Dijk et al. (2014)
Van Dijk et al. (2014)
Schuurman et al. (2013)
Geerling et al. (2006)

tion. The initial bed level (Figure 3.4A) featured about three wavelengths of regular meander
bends, because the aim of our study is to investigate effects of vegetation on meandering but
not the onset of meandering from an initially straight channel. The latter would have taken
considerably longer model time and perhaps processes of floodplain formation by cohesive
sediment which are presently not included. Meander length was based on general channel
dimensions of the river Allier extracted from aerial photos and bar length theory (Struiksma,
1986; Kleinhans and van den Berg, 2011) and values reported in literature (Geerling et al.,
2006; Crosato and Saleh, 2011). Uniform sediment with D50 = 5 mm was used representing fine gravel. Sediment transport was calculated in Delft3D using the transport predictor
of Engelund-Hansen with transverse bed slope settings as in Schuurman et al. (2013). For
the initial conditions this resulted for high and low flow respectively in typical water depths
in the channel of 3 m and 1.2 m, flow velocities of 1 m/s and 0.6 m/s, channel widths of
about 200 m and 75 m and Shield numbers of 0.1 and 0.06 (Figure 3.4B). Lateral channel
erosion due to bank failure processes was ignored in the present model, as this requires a
much higher grid resolution near the banks, a deforming curvilinear grid or an immersed
boundary (Van Dijk et al., 2014; Schuurman et al., 2016). Migration of the meander bends in
our model takes place when the banks are submerged, as caused by the transverse bed slope
effect, and when erosion takes place. Adjacent dry cells are also reduced in height to simulate
bank failure but this is only relevant at the valley walls in the model. This study focusses on
sustained meandering due to dynamic vegetation rather than initiation of meandering from
a straight channel, where bank erosion processes would be more important. In our case the
processes on the point-bar are most relevant.
We ran our default dynamic vegetation model and two control runs: one without vegetation but otherwise the same conditions (Table 3.1), and one with static vegetation as commonly used until now. The main difference between the static and dynamic scenarios is that
in the static scenario vegetation is uniformly distributed across the floodplain each year and
does not grow or die, whereas the dynamic scenario explicitly considers changing spatial
distribution and vegetation characteristics associated with colonization, aging and mortality. The static vegetation scenario represents the way vegetation has been modelled until now
while the dynamic method is an innovative and more realistic way of vegetation representation. In the dynamic scenario we parametrized two Salicaceae type species that are typical for
rivers in North-western Europe (Table 3.2), namely a Salix type and a Populus type, which
differ in seed dispersal timing, maximum age and mortality tolerances for flooding and desiccation. Salix disperses its seeds in June, has a maximum age of 60 yrs and is more tolerant to
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flooding. Populus disperses its seeds in May, has a maximum age of 150 yrs and is more tolerant to desiccation. In the static vegetation scenario, vegetation colonized in dry cells each
year with a dispersal timing set between Salix and Populus and did not grow or die. The static
interaction parameters for shoot length, stem diameter and number of stems/m2 are set to
a 10 year old bush averaged for Salix and Populus. The mortality limits for both vegetation
types were initially parametrized to broadly fit the age distribution of pioneer, bush and forest vegetation deduced by Geerling et al. (2006) after 10 yrs and fall within occurrence ranges
for Softwood forests reported in literature (Van Velzen et al., 2003a).
3.2.4 Data analysis
To characterize the patterns and dynamics in morphology and vegetation, we analysed the
model output of each scenario as follows. All bed level data were detrended by the valley gradient, so that the cross-sectionally averaged bed level was zero for the entire reach. Immediate
boundary effects were excluded by clipping 500 meter (20 grid cells) off the upstream and
downstream boundaries. We then calculated bed level distributions for the entire clipped
grid and determined median, 5 % and 95 % bed elevations to plot as time series. To compare
hydraulic resistance effects of morphology and vegetation, water levels were calculated each
year as the maximum in a cross-section in the middle of the reach.
Sinuosity was calculated per year as the length of the path of cross-sectional maximum flow
velocity divided by the length of the valley. Flow velocity values with large coordinate jumps,
caused by chute bars temporarily having a higher flow velocity than the main channel were
filtered out. This was done by calculating the absolute difference between the y-coordinates
of two subsequent flow velocity values and deleting all values that exceeded four grid cells,
i.e. approximately one channel width. The flow path was smoothed by a moving average over
three grid cells. Meander migration rate was calculated as the average minimal shift of the
flow path as calculated for the sinuosity in steps of 10 years.
Total vegetation cover for the static and dynamic scenarios was calculated as the fraction
of cells containing vegetation of any type at the end of each year, before mortality. Dynamic
vegetation was split up in three stages: seedling (1 yr old), bush (2 to 10 yrs old) and forest
(older than 10 yrs). If multiple vegetation types with different ages occurred in one grid-cell,
the maximum age was taken to show the succession in age. Mortality by flooding, desiccation,
uprooting, burial or scour was calculated per vegetation type and for each life stage.
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3

2

1

5 (May)

0.41
6 (June)

−
month

25
0.8
1

yr
stems/m2
−
−
days
−
days
−
m/s
−

Number of years in life stage

Number of stems

Area fraction (0-1)

Drag coefficient

Desiccation threshold
Desiccation slope
Flooding threshold
Flooding slope
Flow velocity threshold
Flow velocity slope

190
0.3
260
0.3
7.0
0.3

1.5

0.8

15

9

240
0.3
310
0.3
12.0
0.3

1.5

0.8

0.16

40

365
1.0
365
1.0
6.0
0.3

1.5

0.8

0.16

10

LS4

14

35
0.75
60
0.75
0.55
0.75

1

0.8

25

1

210
0.3
240
0.3
7.0
0.3

1.5

0.8

13

9

260
0.3
290
0.3
12.0
0.3

1.5

0.8

0.27

130

Life stages Populus type
LS1
LS2
LS3

365
1.0
365
1.0
6.0
0.9

1.5

0.8

0.27

10

LS4

Adaptation from Van Velzen et al. (2003b)
Van Velzen et al. (2003b) and Wolf et al.
(2001)
Initial guess
Van Velzen et al. (2003b) and Fotherby et al.
(2012)
Geerling et al. (2006) 3
Geerling et al. (2006) 3
Geerling et al. (2006) 3
Geerling et al. (2006) 3
Geerling et al. (2006) 3
Geerling et al. (2006) 3

Reference

Kleyer et al. (2008) and Van Splunder et al. (1995)

Van Velzen et al. (2003b) 1

Kleyer et al. (2008) 1

Main riparian ecosystem engineers Gurnell (2014)
Braatne et al. (1996) and Peters (2002)
Canadell et al. (1996) 1
Van Velzen et al. (2003b)
Van Velzen et al. (2003b)
Canadell et al. (1996) 1,2

Reference

Value extracted from the logarithmic growth curve created to fit the maximum parameter value found in literature.
Fact-sheet from Istituto di Biologia Agroambientale e Forestale (http://www.ibaf.cnr.it/en/, consulted in 2014).
Age distribution in Geerling et al. (2006) used for mortality thresholds and slope determined after 10 year run.

25
0.75
70
0.75
0.55
0.75

1

Unit

Parameter

Life stages Salix type
LS1
LS2
LS3

0.6

11.5

−

Populus type
150
0.5
0.1
0.036
1.15

Salix type
60
0.1
0.25
0.002
0.85

−
yr
m
m
m
−

Vegetation type
Maximum age
Initial root length
Initial shoot length
Initial stem diameter
Logarithmic growth factor root (Fv Eq. 3.2)
Logarithmic growth factor shoot (Fv
Eq. 3.2)
Logarithmic growth factor stem diameter
(Fv Eq. 3.2)
Timing of seed dispersal

Vegetation type 2

Vegetation type 1

Unit

Parameter

Table 3.2: Table with general vegetation parameter settings of Salix and Populus and for four different life stages. LS1: Seedlings, LS2: Bush, LS3: Forest, LS4: Degeneration. Seedlings are small and susceptible for morphodynamic pressures, Stakes form the bush phase with dense patches, Forest is older and less dense and Degeneration
are dead or dying trees.

A

No vegetation

B

D

Static

C

E

Dynamic

Figure 3.5: Bed level, vegetation cover and vegetation age after 300 years. (A) Scenario without vegetation.
(B) Static vegetation scenario. (C) Dynamic vegetation scenario. (D) Vegetation age overlain on bed level map
for the static vegetation scenario. Here, vegetation colonizes each year anew and the age therefore indicates
a stability in settlement location instead of actual age. (E) Vegetation age overlain on bed level map for the
dynamic vegetation scenario.

Figure 3.6: Time-series of morphodynamics sampled at the end of each year for the scenarios without vegetation, with static vegetation and with dynamic vegetation. All values were calculated excluding 500 m from
the upstream and downstream boundaries to compensate for boundary effects. (A) Median bed level. (B) 5th
percentile bed level indicative of channel depth. (C) Sinuosity of the main channel. (D) Maximum water levels
during flood cross-sectionally averaged in the centre of the reach.

3.3

Results

3.3.1 River morphology
The reference scenario without vegetation first shows lateral expansion and longitudinal migration of the meander bends followed by an upstream chute cut-off after approximately
100 years. This cut-off initiates a sequence of downstream cut-offs, which eventually lead to
the formation of a mostly straight channel with low sinuosity (Figure 3.5A and Figure 3.6C).
The median detrended bed level first decreases rapidly and then settles around 0.2 m (Fig45
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Flow
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Figure 3.7: Comparison of morphological features, vegetation patterns and age distribution between aerial
photos of the Allier river and model results. (A) River morphology of the static scenario (year 102) on the left
and the dynamic scenario (year 109) on the right. Both scenarios show similar features compared to the river
Allier, i.e. chute cut-offs and oxbow lakes. (B) Trends in vegetation age distribution of the dynamic scenario
with old vegetation on the higher parts of the point bars and younger vegetation closer to the channel. (C)
Typical vegetation patterns of the dynamic scenario compared by considering basic shapes i.e. stripes (C1),
areas (C2) and dots (C3). These model results are for Salicaceae species only, whereas the aerial photograph
cannot distinguish between old Salicaceae vegetation and other species.

ure 3.6A). However, the 5th percentile of the bed level increases sharply after the first cut-off
(Figure 3.6B), which indicates that the floodplain is generally eroding while the deep parts of
the channels become shallower after each chute cut-off. Maximum water levels are fluctuating
more in the first half of the run as a function of channel sinuosity and decrease after that as
the system develops towards a low sinuous river in the second part of the run (Figure 3.6D).
The scenario with static vegetation shows a highly sinuous, meandering river with a lateral expansion (Figure 3.5B). Initially, distinct morphological features like chute cut-offs and
oxbow lakes are formed, which are similar to those visible on aerial photos of the Allier river
(Figure 3.7A). Similar to the scenario without vegetation, the median bed level decreases
throughout the run but at the highest rate of all scenarios (Figure 3.6A). The 5th percentile
bed level fluctuates over time, indicating subsequent erosion and aggradation of the channels
(Figure 3.6B). The sinuosity increases in the first half of the run and becomes more stable in
the second half of the run (Figure 3.6C), which is caused by the decreasing dynamics over
time. The same trend is found in the maximum water level (Figure 3.6D).
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Figure 3.8: Distributions of detrended bed level over time for the three basic scenarios. The dashed line indicates
the initial bed level distribution after one year.

The scenario with dynamic vegetation is comparable to the first half of the scenario with
static vegetation, showing a dynamically meandering system with regular chute cut-offs (Figure 3.5C). After each cut-off, meanders laterally increase in size again until the next cut-off.
On average, the meander amplitude stays equal throughout the whole run. Chute cut- offs
occur regularly and oxbow lakes are formed, these features are visually comparable to the
Allier river (Figure 3.7A). The median bed level decreases throughout the run and the 5th
percentile of the bed level follows a sinuous shape, although with a higher amplitude than
the static scenario (Figure 3.6A and B). The same accounts for the maximum water level; a
fluctuation over time with the highest amplitude of all scenarios (Figure 3.6D). The sinuosity follows a reversed pattern compared to the static scenario; first it stays relatively stable,
but the fluctuation becomes higher in the second part of the run (Figure 3.6C). Contrary to
the static scenario, in the dynamic vegetation scenario the active meandering behavior of the
river is maintained.
Bed level distribution

Effects of vegetation on morphological development are summarized in bed level distributions (Figure 3.8). The initial distribution is bimodal with a high bed-level peak for the initial
floodplain and valley and a low bed-level peak for the sinuous channel carved into the floodplain. All scenarios show a similar development in that the floodplains are eroded over time.
Differences arise because of vegetation development.
The dense, static vegetation leads to concentration of flow in the channels, shown as the
highest and most narrow peak in the distribution relative to the un-vegetated scenario (Fig47

ure 3.8, middle graphs). Furthermore, as the vegetation is reset every year, lateral channel
mobility is high enough to erode the higher parts of the floodplain and multiple, anabranching channels further heighten the peak. The narrow peak of the dynamic scenario relative
to the un-vegetated case also shows the flow focusing effect, but here the vegetation reduces
the lateral channel mobility, by leaving room for chute cut-offs, so that the higher part of the
floodplain is more slowly removed (Figure 3.8, bottom graphs). Here, the main morphodynamic activity takes place on the point bars, leading to a distribution with more equal modes
than in the un-vegetated and static vegetation cases.
The effect of vegetation becomes even more clear when a cross section is made of a typical
meander bend (Figure 3.9). The bed level of the scenario without vegetation develops into a
wide, shallow channel in a relatively smooth floodplain (Figure 3.9A), while the other scenarios with vegetation develop into deeper, tighter channels (Figure 3.9B and C). This figure
also shows a direct contrast between the static and the dynamic scenario where the static scenario displays a floodplain with sharper transitions, while the transitions are more gradual
in the dynamic scenario. Clearly, vegetation has two distinct effects on morphology that depend sensitively on the vegetation parameters. In the first place, presence of vegetation leads
to focusing of the flow, resulting in deeper channels. However, lateral channel dynamics are
mostly affected by vegetation removal, where static vegetation causes high lateral migration
activity and a more stepwise topography compared to a lower lateral migration and gradual
floodplain in the case with dynamic vegetation.
The clear differences in river morphology between all scenarios become tangible when
scenario statistics are compared from 100 years onwards (Table 3.3). As shown by previous
results, the un-vegetated scenario develops into a straight channel with a low sinuosity. The
river becomes shallower and wider, increasing the surface on which sediment transport can
take place, eventually developing into a system with a higher sediment transport rate and a
higher median bed level than in the scenarios with vegetation. Vegetation leads to focusing of
flow in the channel causing deeper channels which is most intense in the static scenario. This
scenario contains the highest vegetation density, maximizing the hydraulic roughness and
decreasing flow velocities on the floodplain and minimizing the area over which sediment
transport can take place, resulting in the lowest sediment transport rate. Because vegetation
cover is high, sinuosity is still higher than in the dynamic scenario, but the river dynamics are
actually decreasing. This is especially clear in the last part of the run which is supported by a
lower meander migration rate than the dynamic scenario (Table 3.3). In the default dynamic
scenario, vegetation development is less dense and very dynamic, leaving room for occasional
chute cut-offs, leading to a dynamic meandering system with the highest meander migration
rate and still a high sinuosity (Table 3.3). This result further supports that dynamic vegetation
development is a prerequisite for modelling a dynamic meandering system.
3.3.2 Vegetation
The static and dynamic vegetation scenarios show large differences in vegetation settlement
patterns. In the scenario with static vegetation, the floodplains are immediately densely vegetated from the start of the simulation and remains so throughout the run (Figure 3.5D
and Figure 3.9B). In the scenario with dynamic vegetation, the floodplain are less densely
vegetated and consist of vegetation with different ages and densities (Figure 3.5E and Figure 3.9C). In some years the number of seedlings increases rapidly. This shows that colonization success varies from year to year. However, most seedlings die again the next year.
This is clearly shown in the peaks of the vegetation cover (Figure 3.10A). In the static scenario, there are also peaks in the vegetation cover (Figure 3.10B). These peaks in the static
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Figure 3.9: Cross sections of a typical meander bend with bed level and vegetation for all scenarios. (A) Scenario
without vegetation, year 285. (B) Scenario with static vegetation, year 125. The size of vegetation stems is the
actual size of the vegetation used in the model. (C) Scenario with dynamic vegetation, year 205. The size of
vegetation stems is the actual size of the vegetation used in the model. The thickness of the stems gives an
indication of the frontal area (number of stems × width of the stem). Thicker stems represent a larger frontal
area.

scenario are caused by changes in river morphology and changes in discharge during the time
of colonization which create annual changes in dry areas for vegetation settlement. The total median vegetation cover of the dynamic scenario is around 10 %, while the total median
cover of static vegetation is about 81 % (Figure 3.10C). Compared to empirical data from
Geerling et al. (2006), showing about 16 % cover, the static vegetation scenario is a factor
of 5 higher, while the dynamic scenario shows a slightly lower vegetation cover with a factor of 1.6. However, it should be taken into account that Geerling et al. (2006) did not map
Salicaceae species exclusively, consequently leading to a higher vegetation cover.
The settlement locations of the Salix and Populus seedlings show that in years with average
settlement conditions Salix seedlings settle and survive at lower elevation (respectively -1.5 m
and -2 m) than Populus seedlings (respectively -1 m and -0.5 m) (Figure 3.11). This corresponds to the higher tolerance of Salix for wetter conditions and higher tolerance of Populus
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Table 3.3: Morphological and vegetation statistics of the main scenarios calculated from 100 - 300 yrs to
minimize the effect of initial conditions.
Parameter
Median sinuosity
Median bed level
Median sediment transport rate
Meander migration rate
Median vegetation cover
Temporal variation in vegetation
cover (P95 - P5)

No vegetation

Static vegetation

Dynamic vegetation

−
m
m /s/m
m/y
%

1.18
0.26
1.52×10−6
30
0.0

1.41
-0.01
3.83×10−7
73
81.6

1.38
0.19
7.24×10−7
98
10.0

%

0.0

5.5

15.8

3
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Forest
Bush
Pioneer

30

C
100

100

80

80

60

60

40

40

20

20

20

10

0

0

100
200
Time (y)

300

0

0

100
200
Time (y)

300

0

Data

Dyn

Stat

Figure 3.10: (A) Total median vegetation cover of the dynamic vegetation scenario per year per vegetation class
(pioneer = 1 year old seedlings, bush = 2-10 years, forest = > 10 years). (B) Total cover in the static vegetation
scenario per year. (C) Median vegetation cover calculated from year 25 until year 300 to let forest develop first.
’Data’ is field data from (Geerling et al., 2006), ’Dyn’ is Dynamic scenario and ’Stat’ is static scenario). Note that
A has a smaller vertical scale compared to B and C.

for dryer conditions. Eventually this results in an average settlement of -1 m for Salix and 0.5 m for Populus. These results also show that the range of seedlings survival is smaller than
the initial range of settled seedlings, but in years with high vegetation settlement this range
expands proportionally with suitability for settlement.
The main mortality cause for Salix and Populus seedlings is desiccation, followed by flooding and uprooting due to high flow velocities. Scour and burial cause less mortality in both
vegetation types, with an even negligible scour mortality for Populus. When seedlings survive the first year, mortality drops drastically to approximately 15 % in the bush stage (2 to
10 years old) and 5 % in the forest stage (> 10 years old). The main causes for mortality in
these stages are desiccation and flooding while scour is an occasional cause of mortality.
The static and dynamic vegetation scenarios produced quite different vegetation patterns,
which we here compare with patterns on aerial photos of the river Allier (Figure 3.7). In the
static scenario there is a dense vegetation cover, while the dynamic scenarios creates vegetation patterns with different shapes and sizes. To be able to compare vegetation patterns from
the model with aerial photos, we considered three simple shapes, namely spots, stripes and
areas. Here we define a spot as one vegetated grid-cell, stripes as areas with vegetation which
are more than twice as long as they are wide and areas as all other shapes. The position and
orientation of these shapes on a point bar determine the vegetation pattern. The vegetation
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Figure 3.11: Vegetation cover of Salix (top) and Populus (bottom) as a function of detrended bed level for years
of low (left), average (middle) and high (right) settlement rates in years 206, 90 and 282 respectively. Dashed
green lines show seedling settlement in a year, filled areas show seedlings that survived in that year and solid
lines show survival of all age classes until that year. The grey dashed lines represent the bed level distributions
of the corresponding years.

patterns in the static scenario contain one dense area shape (Figure 3.5D). In contrast, the
vegetation pattern in the dynamic scenario well resembles the pattern from the aerial photos
of the Allier river because all characteristic shapes can be found and are comparable in size
(Figure 3.7C).
There is also a clear age distribution of vegetation in the dynamic scenario. The oldest
vegetation is generally found around oxbow lakes and the youngest vegetation on the lower
parts of the point bars, which is consistent with vegetation patterns along the Allier river
(Figure 3.5E, Figure 3.7B and Figure 3.9C). Although Salicaceae species cannot be recognized within the dense vegetation patches on the aerial photograph, experience from the
field learns that older Salicaceae trees are found in large quantities along oxbow lakes. In the
static scenario there is no actual age distribution because the vegetation colonizes each year
and therefore represents an annual plant instead of a perennial (Figure 3.9B). Here the age
distribution can be expressed as a factor for re-colonization in the same cell each year (Figure 3.5D). However, this is more a reflection of the timing of morphological activity than
plant age since plant growth is not taken into account in this scenario.
3.3.3 Vegetation interaction with morphodynamics
To test the sensitivity of the patterns in morphology and vegetation resulting from the model
and to further support the findings of our main scenarios, a range of scenarios were analysed representing 10 vegetation types with different ecological strategies. This method was
chosen as opposed to a random sampling type of approach, because it gives specific information on the suitability of the model for representing different types of vegetation in different
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Figure 3.12: Vegetation age distribution of all dynamic scenarios compared to field data. Median vegetation
cover of three age classes (pioneer = 1 yr, bush = 2 to 10 yrs and forest = older than 10 yrs. ’Data’ is field data
from Geerling et al. (2006), ’Dyn’ is the main Dynamic scenario and S1 to S10 are all the dynamic scenarios in
the sensitivity analysis. Vegetation cover is calculated from year 25 until year 150.

settings rather than a large range of values for general parameters. The parameter values for
the scenarios are presented in Table 3.4. The scenarios include vegetation types with a fast
initial growth and short life span (S1), slow initial growth and long life span (S2), sensitive
seedlings (S3), resistant seedlings (S4), high drag (S5), low drag (S6), early dispersal timing
(S7), late dispersal timing (S8), dense vegetation (S9) and sparse vegetation (S10).
The results show a broad range in river morphologies and vegetation cover (Figure 3.12,
Figure 3.13). The median vegetation cover differs between scenarios and all scenarios fluctuate around field data with an outlier upwards (scenario S4, resistant seedlings) and downwards (scenario S7, early dispersal, where vegetation does not exceed the age of 1). We find
that increasing vegetation cover decreases median sediment transport and median bed level,
which supports the findings of the main scenarios (Table 3.5). The decreasing effect of dense
vegetation cover on morphodynamics in the static scenario is further supported in scenario
S4 with resistant seedlings (Figure3.13 and Table 3.5). In this scenario, the meander migration rate is the lowest of all dynamic scenarios.
Changes in temporal vegetation dynamics of all dynamic scenarios expressed as the difference between the 95th and the 5th percentile of the vegetation cover for all years, rather
than the median vegetation cover, seem to have a more pronounced decreasing effect on the
sediment transport rate. When the effects of the different life stages of vegetation are separated, it becomes clear that the bush-stage has the largest decreasing effect on the sediment
transport rate.
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Fast growth, early death (S1)

Slow growth, late death (S2)

Sensitive seedlings (S3)
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Figure 3.13: Bed level and vegetation cover after 150 years of the following scenarios for sensitivity analysis.
The scenarios are: Fast (S1) and slow (S2) initial growth with short (S1) and long (S2) life span, sensitive seedlings
(S3) and resistant seedlings (S4), high (S5) and low (S6) drag coefficient, earlier (S7) and delayed (S8) dispersal
timing, densely (i.e. high stem density and cells completely filled with vegetation) (S9) and sparsely (i.e. low
stem density and cells half filled with vegetation) vegetated patches (S10).
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3

2

1

Desiccation threshold,
Flooding threshold,
Flow velocity threshold

0.75
3
Default
Default
Default
Default

cd other

cd seed

S1
S2
Default

0.5
2
Default
Default
Default
Default

Populus
25
300
150

Max age (yrs)
Salix
10
120
60

S5
S6
S7
S8
S9
S10

17.5
70
35

12.5
50
25

105
365
210−365

Timing seed dispersal (month)
Salix
Populus
Default
Default
Default
Default
March
Februari
September
August
Default
Default
Default
Default

num. stems per m2 other
Salix
Populus
Default
Default
Default
Default
Default
Default
Default
Default
30
26
7
6

120
365
240−365

num. stems per m2 seed
Salix
Populus
Default
Default
Default
Default
Default
Default
Default
Default
50
50
12
12

130
365
260−365

0.275
1.1
0.55

3.5
14
7.0−15.0

Flow thresh. other (m/s)
Salix
Populus

Growth factor shoot
Salix
Populus
20.4
21.8
9.8
12.1
11.5
14

0.275
1.1
0.55

Flow thresh.3seed (m/s)
Salix
Populus

Growth factor root
Salix
Populus
1.5
1.8
0.73
1.0
0.85
1.15

30
120
60

Fl. thresh. other (days)
Salix
Populus

Ini. shoot length (m)
Salix
Populus
0.5
0.2
0.125
0.05
0.25
0.1

35
140
70

Fl. thresh.2seed (days)
Salix
Populus

Ini. root length (m)
Salix
Populus
0.2
1.0
0.05
0.2
0.1
0.5

95
365
190−365

Des. thresh. other (days)
Salix
Populus

S3
S4
Default

Des. thresh.1seed. (days)
Salix
Populus

3.5
14
7.0−15.0

Table 3.4: Vegetation parameter values for the sensitivity scenarios. Only parameter values are shown that deviate from our preferred default dynamic vegetation scenario in Table 3.2.
The scenarios are: Fast (S1) and slow (S2) initial growth with short (S1) and long (S2) life span, sensitive seedlings (S3) and resistant seedlings (S4), high (S5) and low (S6) drag coefficient,
earlier (S7) and delayed (S8) dispersal timing, densely (i.e. high stem density) (S9) and sparsely (i.e. low stem density (S10) vegetated patches. ’Seed’ is the abbreviation for the seedling
stage and ’Other’ are the other life stages.
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*

Dyn is the main dynamic scenario.

Median vegetation cover
Dynamics in vegetation cover
Median Salix cover
Median Populus cover
Median pioneer cover
Median bush cover
Median forest cover
Median sinuosity
Median bed level
Median sediment transport rate
Median meander migration rate

Parameter

m
m3 /s/m
m/y

%
95P - 5P
%
%
%
%
%

Unit
11.6
14.2
10.7
7.2
7.1
2.2
2.1
1.29
0.50
7.1E-07
87.8

Dyn*
20.1
30.6
12.2
8.6
6.1
5.1
2.0
1.18
0.43
3.2E-07
101.4

S1
18.5
22.5
13.4
9.2
6.0
3.6
3.2
1.44
0.63
6.1E-07
105.2

S2
11.0
16.2
3.3
8.1
5.2
1.3
0.7
1.44
0.67
7.6E-07
100.0

S3
61.6
32.0
40.6
34.2
10.2
13.2
21.5
1.43
0.18
7.4E-08
56.6

S4
18.4
17.1
12.8
8.8
6.3
3.8
2.7
1.33
0.47
5.4E-07
152.6

S5
17.6
24.2
12.5
9.0
4.9
3.2
3.6
1.24
0.60
5.7E-07
81.4

S6

6.2
3.3
6.2
0.0
4.5
0.0
0.0
1.73
0.45
1.2E-06
115.0

S7

12.5
18.6
11.0
2.1
2.2
2.8
3.9
1.13
0.60
5.4E-07
122.8

S8

Table 3.5: Statistics of vegetation and morphodynamic parameters values for all dynamic scenarios calculated from 25 to 150 years.
S9
17.1
22.4
10.3
8.2
5.4
2.8
2.5
1.35
0.29
5.3E-07
158.2

S10
24.4
21.6
19.2
13.1
7.0
5.2
4.1
1.35
0.43
5.5E-07
133.4

3.4 Discussion
3.4.1 Morphodynamics
We find that dynamic vegetation with a range of time-variable traits, as opposed to static
vegetation, causes high channel sinuosity with repeated chute cut-offs and bar-floodplain
conversion that are similar to those in our study area. In general, vegetation in our static and
dynamic scenario causes a single-thread river, despite the repeated chute cut-offs, as opposed
to the scenario without vegetation (Figure 3.5) which transforms to a rather straight channel.
This finding is in general agreement with several other modelling studies (Nicholas, 2013;
Crosato and Saleh, 2011) and flume experiments (Tal and Paola, 2010; Van Dijk et al., 2013)
where uniformly distributed vegetation promotes the formation of a single-thread channel.
Our results show a dense vegetation cover causing the flow to concentrate in the channel,
resulting in deeper, narrower channels (Figure 3.8). The same effect has been reported by
flume experiments with uniform vegetation settlement (Van Dijk et al., 2013), field data and
modelling studies (Temmerman et al., 2007; Murray et al., 2008).
The vegetation settlement conditions in the static scenario results in the most densely vegetated floodplains (Figure 3.9B, Figure 3.5D), creating a stronger flow concentration into
channels, leading to sharper meander bends, a higher sinuosity and a floodplain with steeper
bed level transitions than the scenario with dynamic vegetation. In the dynamic scenario
chute cut-offs are created more frequently and gradually, because the vegetation development on the point bars occurs gradually and is less dense and more diverse (Figure 3.9C and
Figure 3.5E), while in the static scenario, chute cut-offs are more stepwise because they are
forced by the vegetation settlement conditions. Initially, both scenarios show quite actively
meandering patterns, but in the second half of the static run, the dynamics decrease drastically. This indicates that the static vegetation system is developing towards a static state,
perhaps comparable to a river in a tropical climate where the dense vegetation dominates
over morphodynamic processes in determining river morphology. So, in the scenario with
static vegetation, river morphology is imposed by vegetation, while in the dynamic scenario
there is a continuous dynamic interaction between morphodynamics and vegetation, leading
to active meandering behaviour throughout the whole run. This behaviour was not only observed in our default dynamic scenario, but also in the other dynamic scenarios (Figure 3.13).
Until now it has been difficult to model natural, dynamically meandering rivers. Simplistically speaking, meandering is caused by a combination of outer bank erosion and inner
bend deposition and stabilization in which bar-floodplain conversion, i.e. by vegetation or
cohesive material, is required to sustain high sinuosity meandering. This bar-floodplain conversion mechanism observed in the field has rarely been included in advanced, numerical
morphodynamic models. In the Delft3D model for instance, there is no actual bar-floodplain
conversion mechanism, while in other advanced numerical meander models (e.g. Nays2D)
the bar-floodplain conversion is implemented as a simplistic threshold value related to water
level (Schuurman et al., 2013). We show that natural bar-floodplain conversion emerges as a
result of our dynamic vegetation model, and this is sufficient to form a dynamic meandering
system.
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3.4.2 Vegetation
We show that natural vegetation patterns emerge from the modelled interaction between
dynamic vegetation and morphodynamics. The modelled patterns are similar to those observed on aerial photos of our study area (Figure 3.7C). We distinguished three basic vegetation shapes on the aerial photo, i.e. dots, stripes and areas, which are all found on point bars
in the dynamic scenario. Moreover, the age distribution across the floodplain is similar to
the aerial photos; older vegetation is found on the higher parts of the point bars near oxbow
lakes and younger vegetation is found on the lower areas. In hind-cast, this is a realistic result considering that new vegetation settlement takes place on the lower parts of the point
bars and, when the channel continues to migrate, vegetation can grow older but still needs a
certain amount of water to survive. Also the vegetation age categories agree with empirical
data derived from aerial photos of the Allier river (Geerling et al. (2006) (Figure 3.10C). The
modelled vegetation age distribution shows slightly younger ages than the empirical vegetation age distribution derived for the Allier river, but since we only include Salicaceae species
while Geerling et al. (2006) included all vegetation types, we probably overestimate the abundance of Salicaceae vegetation. The static vegetation scenario does neither model diversity
nor an age distribution, but is merely a dense cover with uniform age and one set of properties. Clearly, dynamic vegetation results in realistic vegetation patterns and age distribution
whereas static vegetation does not.
Varying dynamic vegetation properties generates a range of river morphologies with different bed level distributions, sediment transport rates, sinuosity and meander migration
rates (Figure 3.13 and Table 3.5). Vegetation settlement location, density and survival are influenced by basic vegetation parameters. By introducing multiple species we made it possible
to study the effect of different vegetation types with different morphologies, settling location
and behaviour on the spatial vegetation pattern and river morphology. Furthermore, by including several life-stages within a vegetation type, the growth of vegetation is represented in
a more realistic way. Rather than using one vegetation type with static properties, modelled
vegetation develops and grows according to its natural behaviour. In particular, seedlings are
very susceptible to morphodynamic pressures, but once they survive the colonization phase,
they increase in strength and ability to withstand more pressure, creating a hysteresis effect
which is also observed in the field (Gurnell, 2014). These changes in vegetation settlement
and vegetation properties create a heterogeneous floodplain vegetation, which in turn causes
local differences in flow and subsequently erosion and sedimentation patterns, leading to a
different river morphology. An effect of different vegetation settlement strategies on river
morphology is also indicated in the modelling study by Nicholas (2013) where different vegetation colonization rates produce different channel pattern dynamics. Moreover, Bertoldi
et al. (2011) shows that differences in vegetation settlement and growth rate alter the shape
of the observed bed level distribution of reaches in the Tagliamento river.
Vegetation survival determines the vegetation pattern on the long term. Differences in
vegetation survival create distinct vegetation patterns leading to different river morphology.
This is clearly shown when the patterns in vegetation and river morphology are compared
between scenarios with different survival characteristics (scenarios S3 and S4 in Figure 3.13).
The sensitive seedling scenario (S3) shows a low vegetation cover while the resistant seedling
scenario (S4) generates a high vegetation cover, both resulting in different river morphology and dynamics (Table 3.5). In the default dynamic scenario there is a zonation in Populus
and Salix settlement, which is created by a different sensitivity of the two species to flooding and desiccation combined with different morphological and developmental properties
(Figure 3.11). The range of morphological pressures that can cause vegetation mortality, i.e.
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flooding, desiccation, uprooting, scour and burial, also led to several interesting trends. For
instance, Populus is less susceptible to scour because of its larger taproot combined with an
earlier dispersal period, causing the seeds to be deposited at higher elevations which are less
affected by morphodynamic activity. The importance of morphological traits and the dynamics of these traits in vegetation survival is also shown by Kui et al. (2014) with a large experiment in a meandering flume containing two types of vegetation with different morphological traits. These vegetation types show differences in sensitivities for and interaction with
morphodynamic parameters. This is similar to our case with Salix and Populus types containing distinct morphological traits influencing their settlement and survival (Figure 3.11
and Table 3.2). Our multi-species approach with different dynamic vegetation characteristics
addresses a number of important issues raised by several authors (Kui et al., 2014; Bertoldi
et al., 2014; Camporeale et al., 2013) concerning the realistic description of riparian ecosystems and is therefore a step forward in modelling the interaction between vegetation and
morphodynamics compared to other advanced physics-based morphodynamic modelling
studies that only included vegetation removal when cells were eroded (Nicholas, 2013) or
Shields forces exceeded a critical value (Bertoldi et al., 2014).
In this study we have chosen to include only those riparian species that are the primary
eco-engineers that colonize the bare substrate close to the river channel. Other vegetation
types growing on the higher parts of the floodplain (e.g. hardwood forest, bush, herbs and
grass) would occasionally affect the morphodynamics during the highest floods. Ignoring
these in the model means that for the highest floods, these areas are slightly more susceptible
to sedimentation and bend cut-offs than would be the case in nature.
Vegetation and rooting affect bank stability, and hence the type of vegetation on the outer
banks affects the meander migration rate. This means that our model may overestimate bend
migration and overall morphodynamics due to the absence of hardwood forest on the older,
higher parts of floodplain. However, as sinuosity increases, the capacity of the flow reduces
and water level increase until chute cut-off takes place after which the river moves away from
the forest. We therefore expect this effect to be minor. Future modelling may resolve effects
of different types of eco-engineers on channel migration.
A comparison of vegetation statistics of all scenarios with morphodynamic statistics demonstrates a quantitative interaction between dynamic vegetation and median sediment transport rate as representing morphodynamics (Table 3.5): when vegetation cover increases, sediment transport is reduced. This is caused by increased hydraulic resistance leading to decreased flow velocity on the point bars and more focusing of flow towards the main channel,
thereby reducing the area over which sediment transport can take place. Interestingly, we
find that not the median vegetation cover in itself, but rather the natural changes of vegetation cover over time, expressed as the difference between the 95th and the 5th percentiles,
has the largest effect on the sediment transport rate (Table 3.5). When the vegetation types
are split into groups with different morphological properties it becomes clear that the bushstage of the vegetation is the main driver of this process. This is not surprising, since this
vegetation stage contains the largest frontal area and therefore causes the highest hydraulic
resistance (Table 3.2). These results confirm a quantitative interaction between vegetation
and morphodynamics and show that dynamic vegetation properties influencing settlement,
density and survival are the main drivers in creating different river morphologies.
Our results imply that changes in species distribution with different life-history strategies
and morphological traits have profound effects on river morphology. This can be the case,
for instance, in areas suffering from invasive species where one species becomes dominant
and replaces the native species (Tickner et al., 2001). Also management strategies such as
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grazing affect river morphology when it removes certain palatable vegetation types which
are not able to survive until the bush stage because they are eaten before reaching maturity.
This in turn would favour the less palatable species which have different traits and consequently a different interaction with morphodynamics. Exciting future research directions
are to investigate how changing boundary conditions affect the interaction of vegetation and
river morphology and through this the dynamics of other species inhabiting the floodplain
and how human pressures and river rehabilitation measures influence these processes on the
long term.

3.5

Conclusions

Our modelling study shows that dynamic vegetation as opposed to static vegetation produces
vegetation patterns and vegetation age distribution that are similar to patterns observed from
aerial photos of our study area. All characteristic vegetation shapes occur on the floodplain
of the dynamic scenario, while in the static scenario vegetation develops into one dense area.
Furthermore, the dynamic scenario shows a lateral age distribution across the floodplain with
older vegetation on higher elevations near oxbow lakes and young vegetation closer to the
channel.
Dynamic vegetation creates and maintains an active meandering system, whereas the static
vegetation reduces the morphodynamics over time and transforms the river into a static,
vegetation dominated state. Without vegetation, the river develops into a straight, broad and
shallow channel with low sinuosity. Vegetation concentrates the flow in the channel, creating deeper, narrower channels, of which the effect is most pronounced in the static scenario
because of the higher vegetation cover. A dynamic, heterogeneous vegetation cover reduces
the lateral migration by increasing the number of chute cut-offs, increasing the meander migration rate and creating a smoother floodplain compared to the static vegetation.
We show a quantitative interaction between vegetation and morphodynamics, in that increasing vegetation cover and temporal variation in vegetation cover decreases median sediment transport rates and median bed levels. Differences in vegetation settlement conditions,
density and survival create distinct patterns in river morphology, showing that vegetation
properties and dynamics are important drivers in shaping different river morphologies.
The method presented in this study offers the combination of a well-verified morphodynamic model and a verifiable vegetation model, which is essential in long-term prediction of
river-floodplain evolution in scientific and practical applications.
Acknowledgments
We thank C. Camporeale, the Associate Editor and an anonymous reviewer for reviewing and finetuning the manuscript. Filip Schuurman is gratefully acknowledged for his help to couple Delft3D and
the new vegetation model in Matlab. Jonne Kleijer produced the script to create the initial bed levels.
Erik Mosselman (Deltares) and Tom Buijse (Deltares) are thanked for useful discussion. This work was
funded by REFORM (FP7 Grant Agreement 282656). The authors contributed in the following proportions to conception and design, model running, analysis and conclusions, and manuscript preparation:
MvO(40,100,75,75%), MGK (30,0,15,15%), GG (20,0,5,5%) and HM (10,0,5,5%). The online supporting information contains movies with model runs of the three basic scenarios.

59

Chapter 4
Modelling riparian vegetation under climate change in a Mediterranean context
Climate change is expected to alter temperatures and precipitation patterns and hence river
flows. As riparian vegetation and morphological processes are closely intertwined with river discharges, hydrological alterations would inevitably affect the fluvial system. However, the effect
of climate change on river morphodynamics and long-term river patterns have not been considered in previous modelling studies. The aim of this study is to assess to what extent changes
in river discharge that may result from climate change will affect the trajectories of riparian vegetation and fluvial geomorphology interactions. To that purpose, five scenarios based on global
approaches, representing drier conditions and more extreme events, are used to evaluate climate change effects on riparian vegetation and fluvial geomorphology. The study was performed with an innovative model containing the interaction between advanced hydro-morphodynamics and dynamic vegetation. The vegetation model contains colonisation, growth and
mortality of willow and cottonwood species. We modelled the lower course of the Curueño
River, a free flowing gravel bed river located in NW Spain, as a Mediterranean case study. Modelling results reveal that riparian vegetation will be affected by climate change in terms of cover,
age distribution and mortality. In general, results show a reduction in seedling cover and an
increase in sapling cover compared to the reference scenario, while tree cover is more variable
among scenarios. The suitable area for vegetation settlement declines and shifts towards lower
floodplain elevations. Drier conditions enhance vegetation survival at lower bed level elevations. Climate change influences younger vegetation mostly due to their shift towards lower
positions on the floodplain, making them more susceptible for uprooting and flooding. The progressive reduction of suitable areas for seedling establishment and a narrower vegetated belt,
threatens the structure and persistence of the riparian community. Therefore, this study points
out the necessity to include potential climate change effects in river management strategies to
assure the long-term persistence of the riparian corridor.

Submitted manuscript: Martínez-Fernández, V., Van Oorschot, M., De Smit, J., González del Tánago,
M. , Buijse, A. D. (Conditionally accepted). Modelling riparian vegetation under climate change in a
Mediterranean context. Earth Surface Processes and Landforms
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4.1 Introduction
Global patterns of climate change predict an increase of temperature and changes in seasonal
precipitation patterns in Southern Europe (IPCC, 2014). As a consequence, changes in river
discharge due to climate change are also expected. Hydro-climatic models forecast a general
reduction of mean flows and an increase of high flows together with a decrease of low flows
(Lehner et al., 2006; Dankers and Feyen, 2008; Van Vliet et al., 2013). These predicted trends
are already visible on the Iberian Peninsula during the last decades, where drier periods and
changes in stream-flow timing have been recorded (Beguería et al., 2003; Morán-Tejeda et
al., 2010; Morán-Tejeda et al., 2014). River discharge is closely intertwined with morphological processes and riparian vegetation. Therefore, hydrological alterations would inevitably
lead to changes in river morphology, riparian vegetation and their interactions (Corenblit
et al., 2007; Stromberg et al., 2007a; Corenblit et al., 2011; Gurnell et al., 2012). Many studies
have underpinned the necessity of monitoring riparian vegetation because of their valuable
ecosystem services, but also for their higher vulnerability to climate change (Capon et al.,
2013). The sustainable management of riparian corridors undoubtedly requires a deep understanding of how this system is influenced by climate change. Within this context, our work
aimed to explore the potential evolution of riparian corridors under different hydrological
scenarios that are predicted for Mediterranean regions.
While the consequences of climate change on macro-invertebrates and fish communities
have been widely reported by relating their development to changes in water temperature
and river discharge (e.g. Brucet et al., 2012; Verbrugge et al., 2012; Mantyka-Pringle et al.,
2014; Santiago et al., 2016; Muñoz-Mas et al., 2016; Papadaki et al., 2016), the effects of climate change on riparian vegetation remain much more site-specific and complex to predict.
According to Seavy et al. (2009), riparian ecosystems will face an increase in air- and surface
water temperatures, alterations in the magnitude and seasonality of precipitation and runoff and shifts in reproductive phenology and distribution of plants. In dry regions, climate
change will likely decrease base flows and groundwater recharge and lengthen the growing
season, which directly affects riparian ecosystems (Serrat-Capdevila et al., 2007; Stromberg
et al., 2010). Consequently, riparian vegetation could act as a useful indicator for the intensity
of hydrological decline associated with climate change (Capon et al., 2013).
Modelling advances that predict successional life stages of riparian forest associated with
hydro-morphodynamic processes (e.g. Camporeale et al., 2013; Bertoldi et al., 2014; Egger
et al., 2015) are very promising to analyse the effect of climate change on riparian ecosystems.
Among others, the CASIMIR-vegetation model (Benjankar et al., 2011; Egger et al., 2013) is
very well known and has been applied in many studies (e.g. Politti et al., 2014; Rivaes et al.,
2014). The model predicts the riparian vegetation succession from a grid-based topography,
maximum annual discharge (i.e. shear stress) values, flood duration and mean/base water
table elevation files. Other methodological approaches that predict future habitat availability
find a tendency for vegetation to occur on increasingly higher floodplain elevations (Ström
et al., 2012; Mosner et al., 2015). All these previous studies are based on several limiting considerations to assess vegetation succession: i) a fixed topography, ii) no dynamic interactions
with fluvial processes and iii) annual flow regime parameters (e.g. maximum discharge and
shear stress).
The model by van van Oorschot et al. (2016) considers dynamic interactions between
hydro-morphodynamics and vegetation development combined with a non-uniform discharge regime and bed level updates. The iterative consideration of these interactions can
asses the evolution of river patterns more in line to their natural behaviour, in contrast to
other numerical models that usually oversimplify either the morphodynamics or the vegeta62

Figure 4.1: Study Reach location in the Curueño River.

tion feed-back effects (Solari et al., 2016). The procedure allows the investigation of dynamic
landscape patterns emerging from the continuous long-term interactions between riparian
vegetation and river hydro-morphodynamics at time-scales relevant for climate change studies. Our research is focused on Salicaceae species, as the predominant eco-engineering riparian species in the North-west Europe that are specially adapted to cope with physical
processes of riparian zones (Karrenberg et al., 2002; Corenblit et al., 2014; Gurnell, 2014).
We compared vegetation colonization, growth and mortality of several discharge scenarios
along a dryness gradient associated with climate change in Mediterranean regions, to a reference scenario without hydrological change. The modelling approach has been applied to a
natural free flowing gravel-bed river located in Northwest Spain. Results might help to implement actions that can promote the conservation of riparian corridors and to adapt river
management strategies for river landscapes under pressure by climate change.

4.2

Methodology

4.2.1 Study site
The Curueño River is a free flowing gravel bed river rising in the Cantabrian Mountains,
which drains a catchment area of 293 km2 and empties in the Porma River, a tributary of
the Duero River (Figure 4.1A-B). With a mean slope of 0.96 %, the Curueño river elevation
ranges between 850 and 2150 m. It displays an active morphological pattern, wandering in the
middle parts and more braided with growth of point bars and lateral bars near the confluence
with the Porma River. The Curueño River shows a pluvio–nival hydrological regime with a
mean annual discharge of 4.6 m3 /s and 2-year return period flood of 32.5 m3 /s (González
del Tánago et al., 2016).
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Table 4.1: Model parameter settings
Parameter

Value

Unit

Timespan scenarios

1990 - 2100

yrs

Hydrodynamic timestep
Timestep bed-level change
Timestep vegetation

0.1
4
18.25

min
min
days

Grid size

2130x340

m

Cell size

8.2x5.5

m

Chezy value bare substrate
D50

25
0.05

m 2 /s
m

Sediment transport predictor

Meyer-Peter Mueller

(-)

Valley slope

0.0085

m/m

1

Explanation
Timespan in climate change predictions
(IPCC)
Based on model resolution
Computational efficiency
Capture main ecological processes
Compromise between resolution and model
efficiency
Compromise between field data, numerical
stability and morphodynamic activity
Coarse gravel bed
Field data combined with model calibration
Transport predictor for gravel bed rivers
Meyer-Peter and Mueller (1948)
Derived from DEM

Table 4.2: Mortality settings for Salix/Populus at three different ages. Adapted from van Oorschot et al. (2016)
Age
.

< 1 year
1 - 10 year
>10 year

Desiccation
threshold (d)

Flooding
threshold (d)

Flow velocity
threshold
(m/s)

Desiccation
slope

Flooding
slope

Flow velocity
slope

25/35
190/210
240/260

70/60
260/240
310/290

0.4/0.4
7.0/7.0
12.0/12.0

0.75/0.75
0.3/0.3
0.3/0.3

0.75/0.75
0.3/0.3
0.3/0.3

0.75/0.75
0.3/0.3
0.3/0.3

A reach of 1.5 km long located in the lower part of the river was selected as the study
reach (Figure 4.1C). In this reach, the river runs along a partly confined valley with an average channel width of 34 m and a longitudinal slope of 0.5 %. Currently, riparian corridor is
dominated by broad-leafed species, mostly stands of mixed willow shrub formations (e.g. S.
purpurea L., S. eleagnos Scop. and S. cantabrica Rech. fil.) with a dense tree cover (e.g. Populus
nigra L., Salix fragilis L., Salix atrocinerea Brot., Fraxinus angustifolia Vahl.). Pioneer Salicaceae species are found on bare areas at low elevations (Martínez-Fernández et al., 2017).
4.2.2 Eco-morphodynamic modelling
We used a dynamic vegetation model interactively coupled to a morphodynamic model to
analyse the response of riparian vegetation and fluvial geomorphology to climate change
(Figure 4.2A). The modelling procedure has been successfully applied in different areas (e.g.
van Oorschot et al., 2016; Lokhorst, 2016). The vegetation model is interactively coupled to
the morphodynamic model Delft3D-FLOW (version 4.01.00), which is one of the most comprehensive scientific morphodynamic models and has been successfully validated in a vast
number of cases (Langendoen, 2001; Gerritsen et al., 2007, e.g.). It calculates water depth,
depth averaged flow velocities, sediment transport with the formulation of Meyer-Peter and
Mueller (1948) and bed level updates.
Initial bed level conditions were extracted from the digital elevation model with a 5 m spatial resolution (available from http://www.ign.es from 2010). A curvilinear grid was created
with a total modelled area of 2130 m x 320 m (Figure 4.2B-C and Table 4.1). Daily discharges
from 1960 to 1990 were used as input for the upstream boundary. The hydrodynamic and
morphodynamic time steps of 0.1 and 4 minutes respectively were chosen to attain feasible
calculation times within the boundaries of the chosen resolution.
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Figure 4.2: A) Components and interactions in the vegetation model applied in this research (redrawn from van
Oorschot et al., 2016). B) 3D view of the bathymetry of the studied area. C) Close up top view of the bathymetry
and curvilinear grid of the indicated area in B.

The vegetation model was used to simulate vegetation colonization, growth and interaction through hydraulic roughness and mortality of Salicaceae species (willow and cottonwood). Vegetation characteristics and location were iteratively fed back into the morphodynamic model at each ecological time step, which was set at 2.5 weeks (Figure 4.2A). We
assumed that Salicaceae species both colonized in May and June with an initial fraction of
0.4. This means that when both vegetation types colonized the same cell during one time
step, they can each cover 40 % of the grid cell. Vegetation growth of shoot, root and stem
diameter were implemented as logarithmic growth functions (settings in van Oorschot et
al., 2016). In its life cycle, vegetation interacts with hydro-morphodynamics through flow
resistance calculated with the Baptist relation (Baptist et al., 2007), and dies through hydromorphodynamic pressures. Mortality of vegetation can occur by exceeding thresholds of days
of subsequent flooding per year, days of subsequent desiccation per year, maximum flow velocities, burial and scour. In the case of mortality by flooding, desiccation, and high flow
velocities, a dose-effect relation was used (settings in van Oorschot et al., 2016). The doseeffect relations contain a threshold, determining the onset of vegetation mortality and the
removed fraction of vegetation, and a slope, determining the intensity of the pressure (e.g. a
vertical slope means a sharp threshold, Table 4.2). Vegetation dies through burial if the whole
plant was buried and through scour if the scour depth exceeded the plant root length.
The mortality thresholds for different pressures were tested in several sensitivity runs. Results showed that the mortality threshold for uprooting was the most sensitive in determining
the vegetation pattern. We found that a flow velocity threshold of 0.4 m/s prevented massestablishment of riparian vegetation in the channel. Therefore, the threshold was adjusted
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Table 4.3: Changes in discharges for the climate change scenarios reached at the year 2100 (%).
Scenario

Mean flows

High flows

Low flows

Reference
Dry
VerDry
ExtDry
RefExt
DryExt

0
-25
-37.5
-50
0
-25

0
0
-12.5
-25
+10
+10

0
-25
-37.5
-50
-25
-25

Description
No climate change
Dry
Very dry
Extremely dry
Reference with increasing extremes
Dry with increasing extremes

to this value in the model. All other mortality thresholds were similar to the ones described
in van Oorschot et al. (2016) in the dynamic scenario (Table 4.2). Vegetation mortality was
calculated at the end of each calendar year.
To exclude boundary conditions, 96 grid cells were clipped of the upstream boundary and
15 cells were clipped of the downstream boundary before the analysis. Model output of each
discharge scenario was analysed as follows. Vegetation was split into three classes: seedlings
(plants younger than 3 years), saplings (between 3 and 10 years), and trees (older than 10
years). Vegetation cover was calculated as the percentage cover in the modelling grid.
For the initial phases of seedling settlement, potential colonization and seedling establishment were analysed. Potential colonization was quantified as the area where colonization
could take place during the dispersal time window, i.e. without taking mortality into account.
Seedling establishment was quantified as the area where seedlings survive the first year i.e.
after mortality is accounted for. Both features were evaluated in each discharge scenario. For
comparison with the reference scenario, the percentages of variation compared to the reference of both potential colonization and seedling establishment covers were calculated for
each discharge scenario. Moreover, the temporal variation in the elevation range where potential colonization and seedling establishment occurs was analysed. Finally, mortality by
flooding, desiccation, burial or scour was calculated as the median percentage over time per
scenario for each life stage.
For visualization and comparison between scenarios, bed level data was detrended and
normalized by subtracting the slope and the mean initial bed level. Prior to the analysis of
the results, morphodynamics were verified by comparing location and extension of gravel
bars and channel migration areas observed on aerial photographs from 2002 (available at
www.ign.es, Instituto Geográfico Nacional) with modelling results. Additionally, we verified
if the model was able to reproduce comparable vegetation settlement locations, cover and age
distribution with those observed in the aerial photographs and in field data. The model predicted morphodynamic activity at similar sites as observed in the aerial photos, i.e. predicted
areas of bed level changes were located within areas where channel bar or channel migration was observed in the aerial photos (Figure 4.3) and vegetation settlement patterns were
in correspondence with vegetation patterns shown on aerial photos (Figure 4.4). Moreover,
vegetation age distribution in the reference scenario matched field observations with young
riparian vegetation on the lower parts of the point bars and shrubs and trees on the higher
parts of the river floodplain. Dense riparian forest covering abandoned channels, generally
further from the current channel, was not taken into account for assessing the initial vegetation cover distribution as it was a result of past events like floods and land cover changes.
The modelled vegetation showed a lower cover percentage (3.9 %) than the empirical data
derived from aerial photographs (8.1 %). However, aerial photos show all vegetation on the
river floodplain, while we only model Salicaceae species.
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Figure 4.3: Predicted and observed locations of morphodynamic activity. A) Predicted bed level changes in
model output in the reference with specific locations zoomed in for more detail on morphodynamic activity
evident on aerial photograph(B-D).

Figure 4.4: Comparison of vegetation settlement patterns and age distribution between aerial photos of the
Curueño River with marked areas verified in the field (top), and model results (bottom).
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4.2.3 Discharge scenarios under climate change
Five scenarios were designed with varying trends in flow regime changes based on literature
studies on global climate change (Lehner et al., 2006; Van Vliet et al., 2013). These represented
a gradient of dry conditions (i.e. reduction of mean, maximum and minimum flows) and
extreme events (i.e. increase or reduction of maximum flows and/or reduction of minimum
flows). The scenarios used in this study are summarized in table 4.3 and explained below.
As a baseline period, we used daily discharges measured at the nearest upstream gauge
station (located in Caldas de Nocedo, with code 2068) from 1960 to 1990. This time-line
is commonly used by the World Meteorological Organization (WMO) and has been widely
used in previous studies (Politti et al., 2014; Rivaes et al., 2014; Dams et al., 2015). The Reference scenario without hydrological changes was defined by replicating the discharge pattern
during the baseline period from 1990 until 2100. The climate change scenarios were designed
by adding daily percentages of change until the final predicted change is reached in the year
2100. All scenarios started from a baseline run simulated from 1960 to 1990, to start with
the same initial vegetation cover.
Dry, VerDry and ExtDry represent the least dry, the intermediate dry and the driest conditions respectively, according to general trends found in Southern Europe (Van Vliet et al.,
2013). According to this study, the predicted decrease in mean flows varied between 25 to
50 %, For high flows between 0 and 25 % and for low flows 25 to 50 %. Low flows were represented by discharges smaller than the 10th percentile (Q<Q10), high flows were discharges
higher than the 95th percentile (Q>Q95), and intermediate flows were all discharges between
the 10th and 95th percentile (Q10<Q<Q95).
RefExt and DryExt represent the variation in extreme events according to general trends
found by Lehner et al. (2006) that forecasted an increase of both flood and drought events
for southern Europe around 10 and 25 % respectively. RefExt links reference conditions (i.e.
no change in mean flows) with increasing extreme events (i.e. increasing high flows and decreasing low flows), while DryExt is a combination of drought (i.e. Dry scenario) and flood
events.

4.3 Results
4.3.1 Morphodynamic evolution
In general, erosion and sedimentation rates that are observed in the different scenarios are
in agreement with the intensity of change in flow parameters (Figure 4.5). The Reference
and ExtDry scenario show relatively smaller bed level differences, while the highest bed level
differences are found in the RefExt and Dry scenarios, which present a maximum morphodynamic activity in 2030 and 2020 respectively (Figure 4.5C-D). Figure 4.5D shows the temporal evolution of a particular cross section in the reference scenario, showing that the river
becomes narrower in the deeper parts. The same behaviour is noticed in the ExtDry scenario
(Figure 4.5E), although bigger changes in the left margin are noticed when it is compared to
the reference scenario. The same cross section shows an accretion pattern with an elevation
of the bed level in the RefExt scenario (Figure 4.5F). All of these morphological changes lead
to different local conditions for seedling colonization and survival.
4.3.2 Vegetation cover development
Modelling results show structural changes in riparian vegetation cover under the influence of
climate change (Figure 4.6). For the reference scenario, the total vegetation cover in 2100 was
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Figure 4.5: A) Change in bed level (m) between 1990 and 2100. B) Cross section of the orange dotted line of the
years 1990, 2050 and 2100. Difference in bed level expressed as maximum erosion and maximum sedimentation in the boxed area in 10 year steps from 1990 until 2100 for (C) Dry, VerDry and ExtDry scenarios and (D)
Reference, RefExt and DryExt scenarios. Cross section of the orange dotted line of the years 1990, 2050 and
2100 for the driest (ExtDry) (E) and wettest (RefExt) (F) scenarios.

3.6 %, while the rest of scenarios ranged from 3.2 % in the case of VerDry to 3.9 % for ExtDry.
The evolution of vegetation cover in all scenarios shows that at the end of the simulated period
there is a smaller seedling area and greater saplings area compared to the reference scenario,
although a downward trend is observed in all scenarios. However, in the case of tree cover, the
response is more variable: Reference, ExtDry, Dry and DryExt scenarios predict an increasing
trend, where the cover for ExtDry scenario is higher, RefExt scenario shows a decreasing
trend and in the VerDry scenario the cover stabilizes over time. ExtDry followed by the Dry
scenario lead to the most pronounced ageing of riparian vegetation combined with a decline
in seedlings cover.
4.3.3 Potential colonization and seedling establishment
In most discharge scenarios the amount of potential colonization area by 2100 is smaller
than in the reference conditions, except for the RefExt scenario which predicts a greater
area for colonization (Figure 4.7). The decrease over time in potential colonization area is
more intense in the driest scenarios, resulting in a decrease of 40 %, 43 % and 48 % in the
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Figure 4.6: 30-year moving average of the vegetation cover along the simulated period for trees (top), saplings
(middle) and seedlings (bottom). Note that all graphs have different vertical scales.
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establishment calculated as (scenario-reference)/reference * 100.
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Figure 4.8: Potential colonisation (A, C) and seedling establishment (B, D) distribution for the years 2000 and
2100 respectively, represented as the percentage of the total grid covered at each bed level.

Dry, VerDry and ExtDry scenarios respectively between 2000 and 2100, while the Reference
scenario shows a decrease of 30 %. Significant correlations between the change in potential
colonization area and changes in flows were found; the larger the decrease in flows (mean,
high and low flows), the smaller the potential colonization area (Pearson test, p<0.1).
All scenarios also result in smaller establishment areas, in 2100 compared to the Reference
scenario (Figure 4.7). The establishment area decreases more than the potential colonization
area towards the end of the simulated period, leading to declines of 84 %, 80 %, 80%; 76 %
and 68 % between years 2000 and 2100 for ExtDry, RefExt, Dry, VerDry and DryExt scenarios, respectively (Figure 4.8B-D). No significant correlations between survival area and flow
changes were found (Pearson, p > 0.1).
Results for 2100 show a trend of potential colonization towards lower bed elevations,
where the lowest position (-3.8 normalized m) is found for the driest scenario ExtDry (Figure 4.8A,C). The bed-level elevation where the highest proportion of seedlings survives for
all scenarios in year 2000 was located around -0.2 m. This optimal survival elevation level
decreases towards 2100, indicating that the survival success increases at lower positions.
Concretely, the optimal bed level for seedling establishment is maintained t -0.2 m in the
Reference and DryExt scenarios, while it drops to -1 m for Dry; to -1.8 in VerDry; to -3.2 in
ExtDry; and to -1 in RefExt scenarios (Figure 4.8D).
To sum up, our model results show that both the potential colonization and seedling establishment areas will decline under climate change. However, while the bed elevation for
potential colonization remains unchanged, the actual seedling establishment shifts towards
lower elevations on the floodplain.
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4.3.4 Mortality rates
Our results indicate that total mortality rates are very high for seedlings. Most of the seedlings
die by desiccation and uprooting. Mortality is intermediate for saplings (3 to 10 %) and low
for older trees (< 3 %) (Figure 4.9A). For seedlings, all discharge scenarios show less mortality due to desiccation than the reference, except for the RefExt scenario. Consistently with
our results on seedlings colonizing lower positions, mortality by desiccation decreases in relation to mortality by uprooting and flooding in all discharge scenarios (Figure 4.9B). Only
the RefExt scenario shows higher desiccation mortality than Reference conditions and less
mortality due to uprooting. For saplings, all scenarios show less desiccation and flooding
mortality than the reference, except the ExtDry scenario which shows higher flooding mortality (Figure 4.9C). Finally, older trees show relatively similar mortalities, and mostly lower
than the reference scenario (Figure 4.9D). In short, younger age classes will be more affected
by climate change than older age classes.

4.4 Discussion
4.4.1 Climate change driving flow regime changes and bio-morphodynamic responses
Our results suggest that increasingly dryer conditions associated with climate change will
eventually promote ageing of riparian corridors. This ageing process is caused by the strong
decrease of potential colonisation and establishment areas that affects seedling mortality. By
the year 2100, most scenarios show less potential colonization area, in concordance with a re72

duced wetted perimeter under decreased discharge values, which leads to gradual reductions
of the suitable area for germination. The strongest response was found in the driest scenario
(ExtDry), with the largest decline of seedling cover and the highest cover of saplings and
trees.
The decrease of seedlings found in our study as a consequence of flow reduction is in
general agreement with other studies (e.g. Mahoney and Rood, 1998), highlighting that the
germinant-seedling stage is the most vulnerable life stage to drought for most of the species.
Also, ageing of vegetation is predicted in other modelling studies (de Kok and Booij, 2009;
Perona et al., 2009; Moradkhani et al., 2010; Politti et al., 2014; Rivaes et al., 2014). Politti et
al. (2014) found a substantial colonization of riparian seedlings in the bank zone under climate change scenarios with reduced floods intensity, while our results suggest a decrease in
potential colonization area, linearly correlated with the decline of high flows. Based on three
case studies across Europe, Rivaes et al. (2014) concluded that younger and more waterdependent life stages are expected to be the most affected by reduced flows, and thus, by
climate change associated to a drier context. The increase of discharge variability expected in
the case of the scenarios with changes in extreme events could advocate for an increase of potential seedling colonization. This has been certainly observed in the case of increased high
flows and decreased low flows (i.e. RefExt scenario). Nevertheless, if a decrease of mean flows
simultaneously occurs with the increasing of discharge variability (i.e. DryExt scenario), this
decrease may counteract the effect of enlarged extreme flow ranges, leading to a slightly decreased potential colonization area.
Moreover, the potential colonization range is shifting towards lower elevations. This shift
is most noticeable as dryness increases, as shown by the driest scenario (ExtDry) where potential colonization elevation decreased to -3.8 (normalized) m. A similar displacement but
more severe is predicted for the seedling establishment area, which decreases over 68 % at the
end of the simulated period under all scenarios. Ström et al. (2012) also forecasted elevational
changes in riparian forest and willow shrub belts moving towards lower elevations following
lower spring-flood peak levels in a boreal stream. More recently, the results of Mosner et al.
(2015) confirm these predictions and found a tendency of various vegetation types to occur
on higher elevated sites along the Rhine river, as a response to the expected increase of mean
flows under climate change.
The gradual change of recruitment positions to lower elevations could largely explain the
higher mortality of seedlings by uprooting or flooding, and the lower mortality by desiccation. Since establishment takes place at lower positions, plants are more exposed to flooding
but they benefit from wetter soils, thus reducing mortality due to desiccation. Mortality rates
of saplings and trees are predicted to be smaller, which can be associated to their higher resistance to drought and floods (Johnson, 2000), resulting in smaller deviations from the reference scenario. According to our results, we can hypothesize that drier conditions associated
to climate change will lead to a decline of vegetation recruitment, a tendency to seedlings
occupying lower positions in the channel being more exposed to mortality by uprooting and
flooding. Consequently, this could lead to a general narrowing and ageing of riparian corridors. This temporal trajectory of riparian corridors could be applied to those areas where
climate change predictions are related to a decrease in water availability, which is the case
of most Southern European rivers (Giorgi et al., 2004; Van Vliet et al., 2013; IPCC, 2014).
Our results could offer new perspectives for sustainable river management by considering
the successional evolution of riparian corridors as a good indicator of the impact of climate
change on river ecosystems. Reassessing site restoration potential and adjusting restoration
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goals for predicted future conditions would be highly required to design effective adaptation
measures of riparian ecosystems to climate change (Palmer et al., 2009; Perry et al., 2015).
4.4.2 Climate change synergy with other multiple-scale pressures
Climate change inducing flow regime changes and a decrease of mean annual flows, predicted
for Mediterranean regions (Van Vliet et al., 2013), represent a hydrological pressure acting
at a large scale. According to our results, this large-scale pressure will promote a gradual
channel narrowing on the long-term, as mean flows decrease and vegetation colonization
shifts towards lower elevations on the floodplain.
Biogeomorphic effects on rivers can also be expected from other pressures at smaller scales,
acting synergistically with climate change. Boix-Fayos et al. (2007) related channel narrowing and vegetation encroaching with catchment-scale land-use changes. In their case-study
located in Murcia (SE Spain), the reported biogeomorphic responses were associated to a reduction of sediment supply, primarily driven by afforestation and erosion control works although partly reinforced by a slight decreasing tendency of the annual precipitation and erosivity of rainfall observed since the 1940s, which could be referred to climate change. Libault
and Pigay (2002) found similar results in rivers in South-eastern France, where extensive
channel narrowing was related to forest development on river margins and human abandonment of intensive floodplain land-uses at catchment scale. Finally, pressures at river segment
or reach scale, e.g. flow regulation by dams and reservoirs, could also have synergistic effects
with climate change, promoting similar biogeomorphic responses on fluvial landscapes. The
extensive literature on damming effects includes multiple examples of channel narrowing
and vegetation encroachment (e.g. Graf, 2006; Dolores Bejarano et al., 2011; González del
Tánago et al., 2016; Martínez-Fernández et al., 2017) which in many cases could have been
reinforced by climate change. In this context we argue that river impact should be assessed
at multiple scales, and that the persistent large-scale pressures like climate change must be
taken into-account when diagnosing problems produced by other smaller-scale pressures,
to strategically design realistic rehabilitation goals and sustainable mitigation or adaptation
measures.
4.4.3 Advances in Eco-morphodynamic modelling
Advances in eco-morphodynamic modelling considering continuous interactions between
vegetation development and hydro-morphodynamics represent a significant step forward in
predicting the consequences of climate change on river systems. The model by van Oorschot
et al. (2016) used in our study allows to predict the long-term dynamic evolution of riparian vegetation under different flow regime scenarios. The model calculates mortality rates by
flooding, desiccation and uprooting, when thresholds are exceeded. Reciprocally, vegetation
growth is continuously taken into account as well as its role on increasing hydraulic resistance. This would not be possible using other rule based models like CASiMiR (Egger et al.,
2013), in which annual hydrological variables like maximum annual discharge or minimum
water depth are considered as the main vegetation succession drivers (Rivaes et al., 2014).
These methods do not account for the duration and intensity of floods and droughts and the
variability of wetted area during seed dispersal. As these processes play an essential role in
seedling establishment and riparian vegetation mortality (Greet et al., 2011), models with
high temporal resolution of vegetation-flow interactions are very promising, achieving more
realistic evolution of biomorphodynamic features.
Our model focusses on riparian zones directly adjacent to the main channel i.e. the zone
with the strongest interaction between vegetation and morphodynamics and therefore only
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considers Salicaceae species. For these species, thresholds of mortality, growth and flow resistance are better known because of their higher dominance along fluvial ecosystems (Karrenberg et al., 2002; Greet et al., 2011). The incorporation of other riparian vegetation species
with different growth and reproduction traits to complete the successional phases of riparian forest (Corenblit et al., 2007) represents a big challenge in biomorphodynamic modelling.
This would allow to predict the replacement of Salicaceae species and the introduction of terrestrial or exotic species. Additionally, the role of groundwater and nutrient availability influencing this biological competence by differences in growth-base water use efficiency (e.g.
Nadal-Sala et al., 2017) should be included in this advanced modelling approach, resulting
in a more realistic but much more complex analysis of successional changes and landscape
evolution.
4.4.4 Further challenges facing climate change modelling
The studied climate change scenarios leading to drier and more variable flow regimes illustrate general trends of riparian corridors that are likely to occur in Mediterranean rivers.
However, climate change could affect vegetation dynamics by progressively modifying other
aspects that were not considered in our study. For example, terrestrial species better adapted
to drier conditions are likely to colonize areas closer to the channel, encroaching former
floodplain areas. Invasive species can potentially benefit from climate change due to anthropogenic basin disturbance and accelerated nutrient export (Flanagan et al., 2015) because
some of these species have a better ability to adapt to changing conditions (Wolkovich et al.,
2013).
Another important climate change effect that presents a modelling challenge is the shift in
seasonality, both in flows and temperatures, which can affect vegetation phenology. Previous studies find that spring peaks due to snow-melt occur earlier as a direct consequence of
increasing spring temperatures (Morán-Tejeda et al., 2014). It has long been suggested that
these spring peaks are decisive for the development of riparian vegetation(Stromberg et al.,
2007a; Stromberg et al., 2010). Under earlier spring peaks, the synchrony between river flow
and vegetation processes could be lost. For instance, all across Europe there are evident signals of early leaf unfolding, flowering and fruiting of plants (Menzel et al., 2006). Also, the
growing season in Europe is extending, which is likely to contribute to increased biomass
formation (Menzel and Fabian, 1999). The evolution of such a complex synchrony between
river flow and vegetation processes influenced by climate changes would be highly relevant,
and needs to be considered in the future.

4.5

Conclusions

Advanced bio-geomorphodynamic modelling has allowed us to infer general trends in the
evolution of riparian corridors impacted by climate change. Our study explored the effects
of a dryness gradient of flow regimes likely to occur in Mediterranean rivers. We found a
tendency towards a reduction of recruitment and seedling establishment areas and a shift of
seedling establishment towards lower positions on the floodplains. This tendency will eventually result in riparian vegetation ageing and riparian corridor narrowing.
Climate change could act synergistically with other pressures, accelerating expected responses like the encroachment of former floodplain areas by terrestrial or exotic species.
Therefore, climate change should be intertwined with river management, playing an essential role in the diagnosis (i.e. identifying causes and mechanisms) and rehabilitation planning
(i.e. goal setting and implementation measures).
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The innovative bio-geomorphodynamic model used in this study represents a significant
step forward in current dynamic river modelling. Its long-term continuous bio-geomorphic
interactions make it very appropriate for modelling climate change and predicting riparian
corridor responses. Nevertheless, there is still a great uncertainty concerning hydrological
changes expected from climate change and species adaptation to changing environments and
therefore this will present many scientific challenges in the near future.
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Chapter 5
Modeling invasive alien plant species in river systems: interaction with native ecosystem engineers and effects on
hydro-morphodynamic processes
Invasive alien plant species negatively impact native plant communities by out-competing
species or changing abiotic and biotic conditions in their introduced range. River systems are
especially vulnerable to biological invasions, because waterways can function as invasion corridors. Understanding interactions of invasive and native species and their combined effects
on river dynamics is essential for developing cost-effective management strategies. However,
numerical models for simulating long-term effects of these processes are lacking. This paper
investigates how an invasive alien plant species affects native riparian vegetation and hydromorphodynamics. A morphodynamic model has been coupled to a dynamic vegetation model
that predicts establishment, growth and mortality of riparian trees. We introduced an invasive
alien species with life-history traits based on Japanese Knotweed (Fallopia japonica), and investigated effects of low- and high propagule pressure on invasion speed, native vegetation and
hydro-morphodynamic processes. Results show that high propagule pressure leads to a decline
in native species cover due to competition and the creation of unfavorable native colonization
sites. With low propagule pressure the invader facilitates native seedling survival by creating favorable hydro-morphodynamic conditions at colonization sites. With high invader abundance,
water levels are raised and sediment transport is reduced during the growing season. In winter, when the above-ground invader biomass is gone, results are reversed and the floodplain
is more prone to erosion. Invasion effects thus depend on seasonal above- and below ground
dynamic vegetation properties and persistence of the invader, on the characteristics of native
species it replaces, and the combined interactions with hydro-morphodynamics.

Published as: van Oorschot, M., M. G. Kleinhans,. G. W. Geerling, G. Egger, R.S.E.W. Leuven and
H. Middelkoop (2016). Modeling invasive alien plant species in river systems: interaction with native
ecosystem engineers and effects on hydro-morphodynamic processes. Water Resources Research 53, pp.
1-25 doi:10.1002/2017WR020854
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5.1 Introduction
Alien plant species that become dominant in their introduced range can have disastrous effects on functioning of ecosystems by out-competing native species and changing abiotic and
biotic conditions in their new environment, subsequently restructuring native plant communities and threatening biodiversity (Richardson et al., 2007; Santoro et al., 2012). Propagules
of potential invasive plants can be transported as ’hitchhikers’ attached to car tires, in ballast
water of ships, or may originate from escapes or soil deposits of gardens, where they were introduced as ornamental plants (Simberloff, 2013). Riparian zones are especially susceptible
to alien species because waterways function as invasion corridors and are efficient transport
vectors for plant propagules (Grime, 2002; Horvitz et al., 2014).
River regulation can promote invasion success, when the altered hydro-morphological
conditions favor plant species that disperse more rapidly or are better adapted to the new conditions than native species (Perkins et al., 2015). Invasive species are able to rapidly change
their phenology by elongating their roots and thereby gain competitive advantage over natives (Stromberg et al., 2007b; Flanagan et al., 2015). Groundwater dynamics strongly influences bio-geomorphic succession of riparian vegetation, especially in situations where access
to groundwater is more limiting (Batz et al., 2016). Flow regime alterations can therefore induce a dominance shift from native to invasive species (Stromberg et al., 2007a), while it
is more difficult for the invader to become dominant in natural systems (Merritt and Poff,
2010).
An invasive plant species that is currently causing severe ecological and economical damage in Europe is Japanese Knotweed (Fallopia japonica) (Shaw et al., 2011; Stoll et al., 2012).
This is a perennial herb that forms impenetrable dense patches with stems up to 3 m high,
combined with an extensive, below-ground rhizome network (Weston et al., 2005). It is adapted to highly disturbed habitats, allowing it to persist in a wide range of environmental conditions. F. japonica originates from Japan where it occurs in mountainous areas, and it has
been imported in north-western Europe for ornamental purposes (Shimoda and Yamasaki,
2016). To date, this species is rapidly spreading across riparian systems by clonal growth or
(re)sprouting from rhizome parts that are deposited on river bars and banks (Beerling et al.,
1994).
F. japonica can become dominant because it occupies similar recruitment sites as native
riparian species (Gerber et al., 2008), while it is a strong competitor due to its rapid growth
and ability to produce allelopathic substances that reduce grazing and establishment of other
plant species (Beerling et al., 1994; Dommanget et al., 2014). A lack of new recruitment sites
for riparian trees combined with densely vegetated F. japonica patches will prevent rejuvenation as well as natural succession towards the climax phase of native riparian vegetation (Aguilera et al., 2010). Because all F. japonica plants in Europe are genetically similar,
they are assumed to be clones from one plant, and therefore vegetative dispersal has been
the dominant mode of reproduction (Groeneveld et al., 2014). However, it is known that
F. japonica can be fertilized by Giant Knotweed (Fallopia sachalinensis), creating a hybrid
called Bohemian Knotweed (Fallopia x bohemica). This hybrid has similar characteristics as
F. japonica, some even more vigorous, but it is also able to reproduce via seeds. These seeds
are buoyant, while water increases their germination rate (Gillies et al., 2016). This means
that the distribution of Fallopia hybrids towards downstream areas can expand even more
rapidly in riparian areas. Because of its high invasive potential F. japonica is listed as one of
the 100 most invasive species by the International Union for Conservation of Nature (IUCN,
Lowe et al., 2000).
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Several case studies showed that riparian plant invaders change the native vegetation composition through outcompeting native plants and by creating dense mono-stands (Child and
Wade, 2000). This, in turn, affects river hydrodynamics and bio-geomorphodynamics by
changing sedimentation and erosion processes: for instance, the establishment of persistent
dense stands of Tamarix on river banks in America and Australia increased hydraulic resistance and sediment trapping of the floodplain, thereby narrowing the river channel and
stabilizing the floodplain (Tickner et al., 2001). Another example is the impact of alien Willow species (Salix spp.) in Australia and New-Zealand, initially planted to prevent erosion,
but have become invasive and are now negatively affecting stream ecosystems (Doody et al.,
2011). Contrastingly, there are also invasive plants of which the above-ground biomass dies
in winter, such as F. japonica and Impatiens glandulifera, exposing substrate which is more
prone to erosion during winter floods (Beerling and Perrins, 1993; Greenwood and Kuhn,
2014). As plant structure, thickness, height, and density, influence the hydro-morphodynamics
of riparian areas (Gurnell, 2014; Batz et al., 2016; van Oorschot et al., 2016), these traits and
the life history strategy of the invader as well as the native species they replace, also determine the long-term change in river morphology. Furthermore, effects of invasive species
do not necessarily have to be negative for native species when conditions are altered to create new suitable niches. This facilitation is a well-known process for native eco-engineering
species. For instance, established pioneer riparian trees trap sediment and thereby enhance
seed deposition and facilitate colonization of other plants (Corenblit et al., 2016). This process can also be driven by alien species that actively modify their environment by creating
suitable niches for other native species, e.g., organisms creating biotic substrate which supports a higher macro-invertebrate diversity in lakes and estuarine environments (Bially and
MacIsaac, 2000; Castilla et al., 2004) or alien sea-grass Zostera japonica promoting faunal
diversity (Posey, 1988). However, habitat modification by invasive species can be negative
for other native species and can lead to shifts in trophic pathways and potentially alter biodiversity (Rodriguez, 2006).
Many models exist for predicting invasive species, their behavior and effects in their introduced ranges. Studies using these models have generated understanding on where suitable
habitats are for invasive species (Peterson and Vieglais, 2001), how fast they spread (Hastings et al., 2004), how native communities are influenced (Thomson, 2005; Eppinga et al.,
2011; Xiao et al., 2012b; Allstadt et al., 2012), what the potential ecosystem effects are and
how these can be mitigated (Buckley et al., 2003). However, most of these studies used smallscale or conceptual models with a short time horizon (Solari et al., 2016), while the interactions between invasive species, native vegetation and river hydro-morphodynamics involve
processes with times scales of decades to centuries that act not only locally but at the landscape scale through interaction with backwater effects and bar-forming processes (Habersack, 2000). Hence, these interactions between invasive alien species and landforms remain
to be studied at this land-forming timescale (Fei et al., 2014). Understanding plant invasions
and their interaction with hydro-morphodynamic processes in rivers is crucial for predicting
how river systems are affected by invasive alien species, and for prevention or mitigating their
negative effects (Tickner et al., 2001). This information is needed to assess risks of establishment, (secondary) spread and impacts of invasive alien species (EC, 2014), but we currently
lack adequate forecasting models (Fei et al., 2014). Therefore, there is a need to develop models that include interactions between invasive and native species and river morphodynamics
at larger spatial and temporal scales.
The aim of this study is to gain understanding of the long-term effects of invasive plant
species on native vegetation cover and river hydro-morphodynamics. To this end, we used
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the Delft3D process-based morphodynamic model coupled to an improved version of the
dynamic vegetation model of van Oorschot et al. (2016). By combination of these models
we are, for the first time, able to simulate dynamic interactions between native and invasive
vegetation and river hydro-morphodynamics over several decades. We included an invasive
species with traits and a life-history strategy based on F. japonica and modeled its invasion
in a meandering river reach. We explored the effects on native riparian vegetation cover, interaction with hydro-morphodynamic processes and long-term morphological development
for two scenarios with different dispersal mechanisms of the invasive species, i.e. vegetative
dispersal representing low propagule pressure and vegetative dispersal combined with seed
dispersal representing high propagule pressure. Additionally, several scenarios with various
levels of invader persistence and seeding density were run. All invader scenarios were compared to a reference situation without invaders.

5.2 Invasion of Fallopia japonica in European rivers
F. japonica is recorded on many floodplains in Western Europe. To illustrate the diversity of
river systems and floodplains invaded by F. japonica, we give an overview of the invasion
behavior and a morphodynamic description in affected reaches of three rivers that differ in
size, morphodynamic activity and regulation level: the Saar River in Germany, the Schwechat
River in Austria and the Allier River in France (Figure 5.1 and Table 5.1). The Saar River is
a heavily modified, intermediate sized river with fixed banks and a static floodplain, making
it a representative for many modified floodplains where most floods do not leave the main
channel. The river reach in the Schwechat near Traiskirchen is a small, free flowing, meandering stretch (Gruener, 2016). The reach in the Allier River is a highly dynamic medium-sized
meandering gravel bed reach in central France, characterized by semi-natural riparian vegetation of which morphodynamics and vegetation have been well documented in the past
decades (e.g. Geerling et al., 2006; Kleinhans and van den Berg, 2011; Van Dijk et al., 2014).
When these rivers are morphologically compared to a range of other rivers, described in
Kleinhans and van den Berg (2011), we see that the Saar is comparable to most sandy, lowland rivers, but with intense regulation, so there is no lateral movement of the channel. The
Schwechat is a coarse-gravel bed river with a high threshold for movement and the Allier
falls between the sand- and gravel-bed rivers with its sandy gravel sediment and naturally
eroding banks.
A three-year field study on the floodplains of the Saar River in the area between Saarbrücken and Saarlouis showed a rapid expansion of F. japonica, with a relative mean annual
area expansion of over 15% (Vollmer, 2012). In the Schwechat the mean annual area expansion of F. japonica is calculated at 0.3% from aerial photos from 1971 to 2015 (Gruener,
2016). The development in spatial extension of F. japonica mapped from these aerial photos
(Figure 5.2, adapted from Gruener (2016)) shows that F. japonica expands in all directions
around the oldest mapped stand.
As for many rivers, there is no data available yet on F. japonica expansion along the Allier
River. However, field observations show massive expansion of F. japonica seedlings on bare
gravel bars in some areas (observations by GE in the Allier). Preliminary studies on the dispersal mechanisms of F. japonica in both the Schwechat and the Allier shows that dispersal
via rhizomes in sediment combined with lateral expansion are the dominant dispersal processes (observations by GE in the Allier and Schwechat rivers). This concise overview shows
that F. japonica is able to invade different types of rivers with varying invasion speed.
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Saar river, Germany

1000 m
Schwechat river, Austria

100 m
Allier river, France

500 m
Figure 5.1: Aerial photos of three different rivers with riparian areas invaded by F. japonica. Source: Google Earth,
accessed July 2016.
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Figure 5.2: Mapped areal cover of F. japonica in the Schwechat river for several years based on aerial imagery
from the study of Gruener (2016). Water, bare soil and the riparian area boundaries are derived from the 2013
map.

81

Table 5.1: General morphodynamic characteristics of the case study rivers.
Characteristic

Saara

Schwechatb

Allierc

[ 49◦ 18’59.89,
6◦ 46’22.76]
55
0.6
1.28
Sand
NA

[47◦ 59’57.39,
16◦ 16’52.41]
10
5.2
1.42
Gravel
0.03

[ 46◦ 30’21.50,
3◦ 19’53.33]
50
0.83
1.39
Gravel
0.005

m3 /s

NA

53 (bf )

500 (mafd)

(−)

High

Low

Low

%/y

15

0.33

NA

Unit

Coordinates

[◦ N,◦ E]

Channel width
Slope
Sinuosity
Sediment type
D50
Channel forming
discharge d
Level of regulation
Mean relative area
increase F. japonica

m
m/km
(−)
(−)
m

a

Data from Google Earth, Vollmer (2012) and German waterways and shipping administration.
Data from Gruener (2016).
c
Data from Van Dijk et al. (2014) and Geerling et al. (2006).
d
bf = bankfull discharge, mafd = mean annual flood discharge.
b

5.3 Methods
We are interested in the continuous interaction between vegetation and morphodynamics, as
opposed to systems dominated by either vegetation or morphodynamics. Morphodynamics
are defined here as the dynamic processes of water flow, sediment transport and depositional processes on the floodplain, resulting in channel migration and together shape river
morphology. The Allier River described in Section 5.2 was selected as the inspiration for
our idealized modeling study. This river was chosen because it is a medium sized, natural
meandering river where vegetation and morphodynamics regularly interact. Moreover, the
morphodynamics and vegetation have been well documented over the last years (Geerling
et al., 2006; Kleinhans and van den Berg, 2011; Van Dijk et al., 2014), which provided data
to calibrate the model and verify model behaviour.
5.3.1 Model scenarios
We ran three main scenarios: 1) a reference scenario without invaders, including only Salicaceae, of which the colonization and growth characteristics were calibrated by adjusting
the mortality thresholds for flooding, desiccation and uprooting to approximate the vegetation cover and age distribution along the Allier River (Geerling et al., 2006); 2) a scenario
where we introduced F. japonica after 50 years in the reference scenario with only vegetative dispersal, henceforth called ‘low propagule pressure’: (LPP) scenario, and 3) a scenario
with similar settings as the low propagule pressure scenario but with added seed dispersal
in autumn, henceforth called ‘high propagule pressure’: (HPP) scenario (see section 5.3.3
for a detailed description on the dispersal mechanisms). The high propagule pressure can
be seen as a hypothetical doom scenario where the invader is very persistent and abundant.
Furthermore, we ran several scenarios with similar settings as the low propagule pressure
scenario, but where we altered the mortality thresholds for flooding and desiccation, creating higher vegetation mortality and therefore less persistent invaders that more resemble
a non-invasive riparian plant. In that way, a range of riparian species was simulated with
different sensitivities to hydro-morphodynamic pressures. We additionally tested the sensitivity of the seed dispersal mechanism and the mortality of F. japonica in the high propagule
pressure scenario, several scenarios have been run with different mortality thresholds and
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seeding densities. The model parameters for all scenarios are presented in Tables 5.2, 5.3 and
5.4.
5.3.2 Morphodynamic model
Parametrization and initial bed level conditions of the morphodynamic model were similar
to the model described in van Oorschot et al. (2016). Additionally, we used measured daily
discharges, as opposed to several generalized discharge curves, of the Allier River from 1968
to 1995 measured at the gauging station near the city of Moulins. We obtained a 300-year time
period to sample from the discharge data that was available (27 years). We randomly sampled
entire years of discharge data, such that the sequence of discharge years is random but flow
seasonality within each year is maintained. After sampling, the discharges were averaged per
month and subsequently used as input for the model. The monthly discharges ranged from
a minimum value of 12 m3 /s in late summer to a maximum of 510 m3 /s in spring.
The initial conditions were composed of three sinus- shaped meander bends with similar
dimensions to the Allier River. Delft3D (4.00.01) was used for morphodynamic calculations
with shallow, depth-averaged flow conditions, sediment transport with Engelund-Hansen
and bed level updates (for morphodynamic formulas see Lesser et al., 2004). Water flow was
calculated with 12-second time steps, and bed level was calculated every 6 minutes, honouring the Levy-Courant condition. Delft3D is one of the worlds most advanced numerical
morphodynamic models and has been successfully applied and validated in many studies
(e.g. Schuurman et al., 2013).
5.3.3 Vegetation model
The vegetation model was constructed in Matlab (R2013b) and comprises vegetation colonization, growth, prediction of hydraulic resistance, and mortality through flooding, desiccation, uprooting, scour and burial. The model contains an open structure where growth rules
can be manually altered per species. This allows for easy adaptation of growth rules if the vegetation model would be coupled to a water quality model in the future. The structure of the
vegetation model described in van Oorschot et al. (2016) was extended to include perennial
plants with an intra-annual above-ground life-cycle, in addition to perennial plants with an
inter-annual life-cycle, i.e. riparian trees. In the model, vegetation growth and mortality are
calculated and updated in two-weekly time steps, as opposed to once a year in the previous
version of the model. This results in a more dynamic and realistic system, because changes
in morphodynamics directly affect vegetation processes and vice versa.
All Salicaceae vegetation parameters were similar to the study described in van Oorschot
et al. (2016) unless stated otherwise. Vegetation parameters for F. japonica were derived from
literature and field experience (Table 5.2). Comparison of the simulation results of the model
without invasive species to observed vegetation patterns along the Allier River demonstrated
that the model yields realistic results, and is able to replicate typical vegetation and morphological patterns observed along this river (van Oorschot et al., 2016).
Colonization

Two colonization modules were implemented containing two different dispersal mechanisms; seed dispersal and vegetative dispersal. Seed dispersal was simulated by assuming
seed deposition on bare substrate between the maximum and minimum water level within
the seed dispersal time window. Seed dispersal was only active during the seed dispersal
window and was characterized by a high initial fraction in each colonized grid cell. Vegetative dispersal was simulated by adding an additional morphodynamic activity requirement
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Table 5.2: Vegetation parameters for F. japonica
Parameter
Maximum age
Maximum shoot size
Maximum rooting depth
Maximum stem diameter
Stem density growing season
Stem density November/December
Start shoot growth
End shoot growth
Colonization windowb
Drag coefficient
Initial fractionc

Unit

LPPa

HPPa

yrs
m
m
m
stems/m2
stems/m2
month
month

300
3
3
0.05
80
40
5
10

month

1-12

(−)
(−)

1.5
0.1

300
3
3
0.05
80
40
5
10
1-12 /
9-10
1.5
0.1/0.8

Reference
Continuous resprouting
Child and Wade (2000)
http://www.kleerkut.co.uk/
Hayen (1995)
Personal communication G. Egger
Personal communication G. Egger
http://www.cornwallknotweed.org.uk/
http://www.cornwallknotweed.org.uk/
Child and Wade (2000)
Similar to older Salicaceae
EG c

a

LPP is the low propagule pressure scenario, HPP is the high propagule pressure scenario.
In both LPP and HPP scenarios there is year round colonization of F. japonica with a fraction of 0.1. Additionally, in the HPP
scenario F. japonica colonizes two months in Autumn with a fraction of 0.8.
c
EG is an educated guess.
b

to the exposed bare substrate, which assumes that rhizome parts travel in sediment and can
re-sprout when they are deposited on channel bars and banks. The morphodynamic activity was modeled as a minimum sedimentation threshold set to 1 cm, which corresponds to
some morphodynamic activity necessary to transport the propagules to the corresponding
location. Vegetative dispersal takes place year-round with small initial fractions at locations
fitting both exposed bare substrate and morphodynamic activity requirements.
In all scenarios Salicaceae only disperse via seed dispersal (see van Oorschot et al., 2016,
for parametrization). The dispersal mechanism of F. japonica in the low propagule pressure
scenarios is solely vegetative dispersal (Table 5.2). The high propagule pressure scenario combines both vegetative dispersal as well as two months of seed dispersal in autumn (Table 5.2).
The fraction of a certain species in a cell can increase each ecological time step when further colonization occurs in that cell. The fraction represents the area of the cell which is
actually covered by vegetation, e.g. a fraction of 0.1 means that 10 % of the cell contains vegetation with a given set of properties. A cell can contain multiple vegetation types or ages
that are each represented by a certain fraction.
Cells are filled with a ’first come, first serve’ method which means that vegetation can colonize cells up to a maximum total fraction of one. This means that there is only competition
for space included in the model, and not for e.g. light, moisture or nutrients. The magnitude and timing for filling the grid cells with vegetation, and hence competition for space, is
therefore dependent on the timing of seed dispersal combined with the water levels during
these periods, which determine where vegetation settles, and the initial density of grid cell
occupation, that determines how fast a cell is fully occupied. Lateral vegetation expansion
was not taken into account because we assume that this effect is minimal due to the relatively
large cell size of 25 x 25 m and the maximum lateral movement distance of up to 7 m/yr from
the parent plant (Child and Wade, 2000).
Growth

Salicaceae species have an inter-annual growth cycle that is calculated using a logarithmic
growth curve, which means that their shoot and root size increases every year (Figure 5.3a).
They contain different life stages which differ in number of stems per m2 and sensitivity for
morphodynamic pressures (van Oorschot et al., 2016). F. japonica has an intra-annual growth
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Figure 5.3: Growth curves of shoot height, rooting depth and number of stems per m2 of Salicaceae species
(a) and F. japonica (b). Note that graphs for Salicaceae and F. japonica have different vertical scales and that
the growth of Salicaceae species is depicted per year while the growth of F. japonica is depicted per month.
F. japonica roots only grow in the first year and keep their maximum depth from that point onwards. Shoots
re-sprout each calendar year, whilst the plant remains established, and keep half of their stems from the end of
the growing season until the end of the calendar year.

cycle, which means that the above-ground biomass starts to grow logarithmically in spring
and dies off in winter, after which dead stakes remain present with half the stem density until
the end of the calendar year (Figure 5.3b and Table 5.2). We assume that in the beginning of
next year these stakes are removed by water or wind, since they are very brittle when dead. The
rooting depth increases only logarithmically in the first year after colonization, so we assume
that F. japonica reaches its maximum rooting depth already in the second year. This means
that the below-ground biomass of established plants remains constant from the second year
onwards. The stem density of F. japonica is higher than the Salicaceae plants, representing
denser vegetation.
Species growth rates are not affected by resource limitation or competition, e.g., shadowing and moisture availability. Groundwater access is not modeled explicitly, but is indirectly
calibrated by setting higher desiccation thresholds for mortality, especially for older vegetation. We assume that these older vegetation types have sufficient access to groundwater
during times of low flows, which is a valid assumption in lowland, sandy gravel rivers in cool
temperate climatic zones. This assumption is not valid for rivers in more arid zones, where
vegetation patterns are dominantly influenced by groundwater availability.
Interaction

Vegetation interacts with hydro-morphodynamic processes by changing hydraulic resistance.
This is dependent on the size of the vegetation, determining if water flows only through or
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Figure 5.4: Dose-effect relations for Salix seedlings. a) flooding and desiccation and b) flow velocity.

also over the vegetation patch, and vegetation density, which is expressed by the stem diameter, the number of stems and the fraction with which vegetation occupies the cell. Hydraulic
resistance caused by vegetation was calculated in each grid cell with the Baptist et al. (2007)
relation:
C= √

√

1
1
C2b

+

Cd nhv
2·g

g h
ln
κ hv

+

(5.1)

1

where C is the Chezy value of the vegetation (m 2 /s), Cb is the Chezy value for the unvegetated parts, cd is the drag coefficient, n is the vegetation density (stem diameter x number
of stems per m2 ), hv is the height of the vegetation (m), h is the water depth (m), κ is the Von
Karman constant (0.41) and g is the gravitational force (9.81 m/s2 ). The Chezy value was
calculated separately for each vegetation type (i.e. Salix, Populus and F. japonica) and age
and subsequently the total sequential Chezy coefficient was calculated weighted by fraction
coverage. The main differentiating parameters for native and invader vegetation parameters
are the vegetation stem density, which is much higher for F. japonica than for the Salicaceae
species, and vegetation height. In addition, these vary in different ways throughout the year
when F. japonica grows (Figure 5.3b).
Sediment stabilization by roots was not explicitly taken into account. The current version
of Delft3D uses a relatively simple bank erosion module that is not able to simulate detailed
lateral bank erosion with processes like undercutting and bank failure of steep banks. Bank
erosion takes place when a cell is incised and subsequently causes the neighbor cells to decrease 50 % of the incised amount. However, because flow velocity is reduced within and
behind vegetation patches, the amount of erosion in vegetated patches is automatically less.
Mortality

During a simulation, plants die through flooding, desiccation, uprooting, scour and burial
depending on their sensitivity. For Salicaceae species, this is life-stage dependent, i.e. younger
vegetation is more sensitive to morphodynamic pressures. Plants that remain unaffected
by morphodynamic processes die due to senescence when a pre-defined maximum age is
reached. Flooding, desiccation and uprooting mortality is calculated with the dose-effect relation described in van Oorschot et al. (2016); an example is given in Figure 5.4. The values
of the thresholds and slopes in the dose-effect relations for Salicaceae species are presented
in Table 5.3 and for F. japonica in Table 5.4. Because of the new model set-up, the mortality
thresholds were re-calibrated to approximate a total Salicaceae cover 15 % after 150 years and
an age distribution with a pioneer, bush and forest ratio of 0.2: 0.5: 0.3 (as in Geerling et al.,
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Table 5.3: Mortality parameters for Salicaceae seedlings (1 yr old), saplings (2-10 yrs) and forest (older
than 10 yrs) in all scenarios.

a

Parameter

Unit

Salix
seedlingsa

Populus
seedlings

Salix
saplings

Populus
saplings

Salix
forest

Populus
forest

Flooding threshold
Flooding slope
Desiccation threshold
Desiccation slope
Uprooting threshold
Uprooting slope

d
−
d
−
m/s
−

40
0.75
15
0.75
0.55
0.75

35
0.75
20
0.75
0.55
0.75

230
0.8
170
0.3
3.5
0.75

220
0.8
180
0.3
3.5
0.75

310
0.5
365
1
12.0
0.3

290
0.5
365
1
12.0
0.3

For a visual example of this dose-effect relations see Figure 5.4.

Table 5.4: Mortality parameters for F. japonica for all scenarios.
Parameter
Flooding
threshold
Flooding slope
Desiccation
threshold
Desiccation slope
Uprooting
threshold
Uprooting slope

Unit

LPPa HPPa LPPab LPPbb LPPcb LPPdb LPPeb LPPfc LPPgd LPPhd HPPie HPPjf HPPkf

d

300

300

275

250

225

200

175

225

200

175

175

175

−

1

1

1

1

1

1

1

0.8

0.8

0.8

0.8

0.8

1

d

365

365

365

365

365

365

365

175

150

125

125

125

365

1

1

1

1

1

1

0.3

0.3

0.3

0.3

0.3

1

m/s

7

7

7

7

7

7

7

3.5

3.5

3.5

3.5

3.5

7

−

0.3

0.3

0.3

0.3

0.3

0.3

0.3

0.75

0.75

0.75

0.75

0.75

0.3

−

300

a

LPP is the low propagule pressure scenario, HPP is the high propagule pressure scenario. The mortality parameters are
similar for the LPP and HPP scenarios because they only differ in their colonization process.
b
LPPa-LPPe are in order of decreasing tolerance for flooding.
c
LPPf contains similar flooding, desiccation and uprooting parameters as the sapling phase averaged for Populus and Salix
in the reference run.
d
LPPg-h are derivatives from LPPf with increasing sensitivity for both flooding and desiccation.
e
HPPi is a HPP scenario with mortality boundaries of LPPh.
f
HPPj-k are HPP scenarios with mortality boundaries of LPPh and LPP respectively combined with an initial seeding fraction
of 0.5.

2006; van Oorschot et al., 2016). Burial occurs when the amount of sedimentation exceeds
the shoot height and scour occurs when the amount of erosion exceeds the rooting depth. F.
japonica has a very low sensitivity for flooding, desiccation and uprooting. It can die through
burial, prolonged flooding or scour, particularly in the first year after colonization, because
of the small rooting depth. Because it is continuously re-sprouting from rhizomes, we assume
F. japonica does not die from senescence, unlike Salicaceae species.
5.3.4 Model output analysis
All model output was analyzed from year 51 onwards, when the invader was introduced, to
exclude the effect of initial morphodynamic conditions. To exclude boundary conditions,
500 m (20 grid cells) were trimmed off the upstream and the downstream boundaries of the
morphodynamic and vegetation maps before statistics were calculated. As a measure of invasion speed, mean annual area increase of F. japonica was calculated between years and
averaged over all years. Vegetated area was calculated as the total sum of all F. japonica fractions in occupied grid cells.
Because the slope of the invasion curve differs over time, the relative mean annual area
increase was calculated for three separate stadia; the initial phase is defined as the minimum
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Burial/Scourcell type

= Median(Max(∆Sedimentationt/∆ Erosiont)years)

Uprooting cell type

= Median(Max(Flow_maxt)years)
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Edge cell
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Figure 5.5: Method for the calculation of morphodynamics in center-, edge- and adjacent cells of a vegetation patch. Note that center- and edge cells define the vegetation patch and adjacent cells are just outside the
vegetation patch.

time needed to reach 50% of the maximum total covered area; the second phase is defined
as the time needed to reach 80% of the maximum total covered area; the last phase is from
the end of the second phase until the end of the run. See also Figure 5.8 for the total covered
area over time and the corresponding invasion phases.
Vegetation covers were calculated as the percentage of grid cells occupied by vegetation of
a certain age class relative to the total number of grid cells, independent of the fraction in the
cell. The data was split into age classes of seedlings (1 year old), saplings (2 - 10 years old) and
forest (vegetation older than 10 years), and combinations of different age classes occurring
in the same cell.
The elevation ranges where colonization of vegetation had occurred were calculated by
using histograms of the elevation distribution of vegetated cells on detrended bed level elevations related to mean initial bed level, for each year immediately after colonization. The histogram modes represent the bed level where most vegetation settles, i.e. the bin with the highest number. The intervals between the 10th and the 90th percentiles were calculated from all
bed level bins containing vegetation. For representation of trends at longer timescales than
individual floods, the plotted values were smoothed by taking the moving average over 10
years.
Mortality was calculated at each ecological time step for each selected age class and each
morphodynamic pressure, and was represented as percentages of the total removed vegetation fractions. For visualization, the median mortality was calculated for each selected age
class over time.
To show the relation between vegetation fraction in cells and bed level elevations, median
bed level values for cells containing similar vegetation fractions were calculated at the end of
the model run, in year 300. This was done for cells with only Salicaceae species and cells with
both Salicaceae species and F. japonica. To show the trend in bed level elevation where most
vegetation settled, the values below -3 and above 2 meter have been clipped off.
Bed level statistics, maximum water levels, sediment transport, sinuosity and meander
migration rate were calculated as described in van Oorschot et al. (2016). To obtain statistics
for an entire model run, median values of these statistics were calculated. For representation,
data was smoothed by taking the moving average over 10 years.
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Figure 5.6: Bed level and spatial extent and distribution of vegetation extracted at the last ecological time step
of three different years. a) Reference scenario without alien plant invaders, b) scenario with low propagule pressure of invasive alien plant species, c) scenario with high propagule pressure of invasive alien plant species, at
year 60 (left), 200 (middle) and 300 (right). The invader has been introduced in year 50. The vegetation color
legend represents the cell occupancy (vegetation fraction within the cells) of both riparian trees and F. japonica. Bright green represents cells that are completely filled with riparian trees and red represents cells that are
completely filled with F. japonica. All other colors are cells in which both vegetation types occur. The blue −
gray legend is the detrended bed elevation, i.e. where slope and mean bed level was extracted from all bed
level values.

Morphodynamic conditions in cell centers were calculated as the maximum sedimentation, maximum erosion and maximum flow velocity conditions for each ecological time step
from the moment of colonization until the end of the calendar year in center-, edge- and
adjacent cells of each vegetation patch (Figure 5.5). Edge and adjacent cells were determined
by cells adjacent to the center- and edge cells respectively, diagonally adjacent cells were not
taken into account. Vegetation patches were defined as grid cells containing vegetation older
than 1 year. The morphodynamics per year over all ecological time steps were calculated as
the maximum value per parameter. For representation, the values were smoothed by taking
the moving average over 10 years.

5.4

Results

5.4.1 Vegetation occupation and expansion
Invasion of F. japonica affects both the spatial extent and distribution of native vegetation,
expressed by the number and location of grid cells where native vegetation occurs, and the
total areal cover of native vegetation, which also depends on the vegetation density within
each grid cell.
Both invasion scenarios show a wide expansion of F. japonica (Figures 5.6b, 5.6c, 5.7b and
5.7c), which in the high propagule pressure scenario leads to a reduction in spatial extent and
areal cover of native Salicaceae vegetation. The final spatial extent of F. japonica is around
45 % of the total area in the low propagule pressure scenario and 75 % in the high propagule
pressure scenario (Figures 5.7b and 5.7c), while the total areal cover, i.e., the absolute covered
area of F. japonica is about 5 times higher in the high propagule pressure scenario (Figures
5.8a and 5.8b).
Invasion by F. japonica with high propagule pressure drastically decreases the median native vegetation extent by more than 10 % (from 15 % to 4 %) already within 10 years after invasion, when compared to the reference scenario without invaders (Figure 5.7c). Remarkably,
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Figure 5.7: Spatial extent of Salicaceae species (top graphs) and F. japonica (bottom graphs) over time. a) Reference scenario with only Salicaceae species, b) low propagule pressure scenario, c) high propagule pressure
scenario. The striped line indicates the start of the invasion. Seedlings are up to 1 year old plants, saplings are
plants between 2 and 10 years old and forest consists of trees older than 10 years.

Figure 5.8: Absolute areal cover of Salicaceae and F. japonica over time. a) Total F. japonica area in the low
propagule pressure scenario (LPP), b) total F. japonica area in high propagule pressure scenario (HPP), c) total
Salicaceae area in three main scenarios. The boundaries for the time frames of the invasion phases in Table 5.5
are depicted as orange striped lines.

invasion with low propagule pressure increases the extent of Salicaceae species by almost 3 %
to 18 % (Figure 5.7b). In fact, all scenarios with low propagule pressure show larger spatial extent of Salicaceae when compared to the reference scenario (Figure 5.9a, Table 5.6). However,
within these scenarios there is a negative correlation between the F. japonica and Salicaceae
extent: increasing F. japonica persistence (i.e. higher mortality thresholds) decreases occupation by native species (Figure 5.9a). The total covered area shows a similar trend: the low
propagule pressure scenario shows a higher areal cover of Salicaceae than the high propagule
pressure scenario and the reference scenario (Figure 5.8c).
The relation between the total fraction of native and invasive vegetation within the grid
cells (Figure 5.9b) shows a different trend for several high propagule pressure scenarios than
the spatial extent (i.e., the number of cells occupied by vegetation) (Figure 5.9a). Both high
propagule pressure scenarios with higher F. japonica mortality (HPPi and HPPj, Table 5.4),
surprisingly show a larger F. japonica fraction within the cells, indicating a higher F. japonica density. Apparently, the final vegetation density within cells is not sensitive for the seed90

Table 5.5: Relative mean annual area increase of F. japonica in different phases of
the invasion
Phasea

Parameter

Unit

LPPb

HPPb

Whole run

Mean increase
Maximum increase
Time frame
Mean increase
Maximum increase
Time frame
Mean increase
Maximum increase
Time frame
Mean increase
Maximum increase

%/yr
%/yr
yrs
%/yr
%/yr
yrs
%/yr
%/yr
yrs
%/yr
%/yr

0.88
56
52-68
9
56
69-141
0.68
8.9
142-300
0.13
7.7

1.5
309
52-53
309
309
54-59
3.1
19
60-300
0.02
12

Initial phase
Second phase
Last phase

a
b

For explanation of invasion phases see the Method section.
LPP: low propagule pressure, HPP: high propagule pressure.

ing fraction, that differs between 0.8 for HPPi and 0.5 for HPPj. Still, the combination of
higher F. japonica mortality and lower seeding density (HPPj) results in less areal spread of
F. japonica (Figure 5.9a). Sensitivity analysis on the seeding density and F. japonica mortality
together with the high propagule pressure scenario thus revealed that seeding density is not
the sole driver of F. japonica spread and density. Only lower seeding density combined with
increased mortality decreases F. japonica spread. When only seeding density is lowered, i.e.
in the HPPk scenario, results do not differ from the main HPP scenario. Furthermore, the
native vegetation extent and fraction is not increasing when either seeding density or mortality of F. japonica is altered. This suggests that there is only a small ‘window’ in the F. japonica
dispersal and mortality parameter range where native vegetation is facilitated.
In both invasion scenarios, areal cover increase of F. japonica occurs in several phases (Figures 5.8a and 5.8b). It starts with a rapid colonization where F. japonica occupies all available
niches, followed by a slower expansion where remaining niches are filled as soon as hydromorphological conditions are favorable. This mean area increase per phase is calculated by
the difference in relative invaded areal cover between years, and is summarized in Table 5.5.
The initial phase, defined here as the minimum time needed to reach 50 % of the maximum
areal cover, takes fewer years in the high propagule pressure scenario, where the increase is
very steep in the first year after invasion, while this phase takes 16 years in the low propagule
pressure scenario (Figures 5.8a and 5.8b). A similar difference is found for the second phase,
defined here as the minimum time needed to reach 80% of the maximum areal cover, which
is already reached within 10 years in the high propagule pressure scenario and after almost
90 years in the low propagule pressure scenario. In the low propagule pressure scenario, the
invaded area continues to increase, while in the high propagule pressure scenario the niches
are almost fully occupied already within the first two phases, where after the occupied area
shows a dynamic equilibrium. The increase of area occupied by Salicaceae does not show a
typical increasing trend, but varies throughout the model run in all scenarios (Figure 5.8c).
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Unit
12.7
18.0
29.3
1.8
23.8
39.0
44.0
3.3
-2.5
-0.07
5.8E−11
2.0E − 7
1.5E − 5
1.34
70

LPPb
1.9
3.6
6.5
0.4
62.4
69.2
73.7
11.1
-2.7
-0.06
2.7E−12
5.3E − 8
1.4E − 5
1.57
68

HPPb
11.9
18.1
27.9
1.8
22.4
41.9
48.2
3.8
-2.7
-0.14
7.6E−11
2.2E − 7
1.4E − 5
1.51
80

LPPac
12.0
18.0
30.0
1.8
22.3
39.8
42.8
3.5
-2.6
-0.14
8.9E−11
2.2E − 7
1.3E − 5
1.45
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LPPbc
12.7
19.2
29.2
1.9
21.2
39.0
43.4
3.5
-2.7
0.01
9.8E−10
2.3E − 7
1.3E − 5
1.42
80

LPPcc
12.9
19.3
28.5
1.7
24.0
38.1
42.9
3.6
-2.7
-0.11
1.1E−10
2.2E − 7
1.4E − 5
1.41
77

LPPdc
12.8
19.4
31.2
1.8
21.6
34.0
39.0
3.5
-2.7
-0.14
1.2E−10
2.5E − 7
1.3E − 5
1.42
73

LPPec
14.2
21.9
35.5
2.1
21.0
27.2
33.6
3.3
-2.7
-0.11
1.6E−10
2.3E − 7
1.3E − 5
1.42
88

LPPfd

b

Ref is the reference scenario
LPP is the low propagule pressure scenario, HPP is the high propagule pressure scenario.
c
LPPa-LPPe are in order of decreasing tolerance for flooding.
d
LPPf contains similar flooding, desiccation and uprooting parameters as the sapling phase averaged for Populus and Salix in the reference run.
e
LPPg-h are derivatives from LPPf with increasing sensitivity for both flooding and desiccation.
f
HPPi is a HPP scenario with mortality boundaries of LPPh.
g
HPPj-k are HPP scenarios with mortality boundaries of LPPh and LPP respectively combined with an initial seeding fraction of 0.5.
h
5P = 5th percentile, 50P = median, 95P is the 95th percentile.
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95P Transport
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Table 5.6: Morphodynamic and vegetation statistics
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Figure 5.9: Relation between the median spatial extent (a) and fraction (b) for Salicaceae and F. japonica for all
age classes combined. LPP: low propagule pressure scenarios with different persistence, # is the main scenario,
HPP: high propagule pressure scenarios, # is the main scenario. (see Table 5.4 for parameter settings and letter
abbreviations). Values have been slightly adapted to prevent overlapping of letters, precise values can be found
in Table 5.6.

5.4.2 Vegetation colonization and mortality
The detrended elevation range where most Salicaceae species colonize lies between 0 and
-1 meter relative to mean initial bed level, is similar in all main scenarios, and remains unchanged during the runs (Figure 5.10a). However, the total bed level range where colonization occurs increases towards higher elevations during the runs for the reference scenario and
for the low propagule pressure scenario. This suggests that the landscape is becoming more
heterogeneous and water is able to carry the seeds higher up the floodplain. In this way, more
locations become available for colonization. Contrastingly, the high propagule pressure scenario does not show an increase in colonization range for Salicaceae. A similar pattern is
found for vegetation survival (Figure 5.10b). In the high propagule pressure scenario, the
bed level elevation where most seedlings survive is a little higher than in the reference scenario and the low propagule pressure scenario. This indicates that fewer seedlings can survive
at lower elevations on the floodplain where morphodynamic pressures are higher. This result is confirmed by the high mortality due to burial, scour and flooding in this scenario
(Figure 5.12). However, the bed level elevations where most seedlings colonize and survive
differ very little between scenarios compared to the total bed level elevation ranges where
vegetation settles and survives. This range shows the confinement of seedlings due to either
morphodynamic pressures at lower bed level elevation side or biotic pressures at the higher
bed level elevation side. In the high propagule pressure scenario the development of seedlings
is mainly restrained at the high bed level elevation side. This suggests that the limited expansion in elevation is because these habitats have become unavailable due to a rapid and dense
F. japonica development.
Total vegetation densities within the cells are the largest in the high propagule pressure
scenario (Figure 5.11c), and range up to the maximum value of 1.0 for fully occupied cells.
Furthermore, higher vegetation densities occur at higher elevations. Figure 5.6c shows the
bright red areas with high densities of F. japonica on the higher parts of the floodplain. In
this scenario most cells are occupied with a dense F. japonica cover, with a much smaller
fraction of the cells covered by Salicaceae species. This confirms the inference made above
that colonization and survival of Salicaceae are hampered by the lack of suitable sites because
they are already fully utilized by F. japonica. However, the low propagule pressure scenario
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Figure 5.10: a) Colonization range of Salicaceae seedlings on bed level related to mean initial bed level. b)
Survival range of Salicaceae seedlings on bed level related to mean initial bed level. The middle lines are the
locations where most vegetation colonizes (mode). The shaded areas visualize the bed level ranges between
the 10th and the 90th percentiles. The most important discharges for the depicted processes are shown on top.
For colonization that is the maximum discharge in spring during the seed dispersal window to give an indication
for the establishment range. For survival that is the median discharge for the rest of the season, i.e. from July
until December, giving an indication for flooding and desiccation after colonisation.

shows an opposite trend where higher densities of both Salicaceae and F. japonica seem to
occur at lower elevations and Salicaceae species are generally the most dominant species
within the cells. These areas with dense areal cover of Salicaceae are visible as the bright green
patches in Figure 5.6b. Compared to the reference scenario, the native Salicaceae species in
both invader scenarios occur with larger range of densities (Figure 5.11b and 5.11c): for the
high propagule pressure the maximum fraction of Salicaceae is 0.8 and for the low propagule
pressure scenario 0.65, while it is 0.45 for the reference scenario. This indicates that inclusion
of an additional species can locally increase the density of Salicaceae occupation.
The invader not only affects colonization of the native species, but also has an indirect effect on the mortality of the natives. All low propagule pressure scenarios show a reduced Salicaceae mortality for burial, scour and uprooting, when compared to the reference scenario
(Figure 5.12: Mortality scenario / Mortality reference < 1). In contrast, the high propagule
pressure scenario shows a higher mortality due to scour, burial and flooding, and a lower
mortality due to uprooting and desiccation. The summed seedling mortality for all pressures
is smaller in all F. japonica scenarios than in the reference. This shows that introduction of F.
japonica reduces mortality for Salicaceae species independently of the invaders persistence.
Vegetation patches are generally larger in the invader scenarios than in the reference scenario (Figure 5.6). We hypothesize that these patches alter local morphodynamic conditions
within and around patches, which, in turn, enhances vegetation settlement and survival. To
test this, we extracted the morphodynamic conditions, i.e. erosion, sedimentation and flow
velocities within and around the vegetation patches. To compare the effects of different colonization locations on vegetation survival we subdivided patches into i) center cells that are
completely surrounded by other vegetated cells, ii) edge cells that are on the boundary of the
vegetation patch, and also identified iii) un-vegetated cells adjacent to the vegetation patch.
These cells adjacent to vegetation experience the most hostile conditions, i.e., the highest
morphodynamic activity, for Salicaceae settling, while conditions in the center cells are least
hostile (Figures 5.13a to 5.13c). In the reference scenario, most Salicaceae seedlings colonize
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Figure 5.11: Fractions of vegetation occupancy within cells related to detrended bed level elevation at year
300. a) Reference scenario, b) low propagule pressure scenario and c) high propagule pressure scenario.

Figure 5.12: Mortality of Salicaceae due to all modeled morphodynamic pressures for all scenarios expressed as
a fraction of the mortality of the reference scenario. Values > 1.0 indicate a higher mortality than the reference.
The values between the parentheses in the legend give the original mortality values of the reference scenario.
Values can exceed 100 % because mortality is calculated cumulative. See Tables 5.6 and 5.4 for explanations on
scenario acronyms.
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Figure 5.13: Morphodynamic conditions and the relative amount of colonization of Salicaceae in and around
vegetation patches. a) Median values for maximum erosion, b) maximum sedimentation and c) maximum flow
velocities in center cells surrounded by other vegetation, edge cells located on the boundary of a vegetation
patch, adjacent cells located just outside the vegetation patch, and average conditions for all locations where
seedlings colonize. d) Relative percentage of Salicaceae seedlings colonizing in center, edge or adjacent cells,
expressed as percentage of total vegetated area for the reference scenario e) low propagule pressure (LPP)
scenario and f) high propagule pressure (HPP) scenario.

in adjacent or edge cells, and very few in center cells (Figure 5.13d). However, in both invader scenarios, most Salicaceae seedlings colonize in edge cells, and in the high propagule
pressure scenario also in center cells (Figures 5.13e and 5.13f). This effect is due to the larger
size of vegetated patches in the invader scenarios, increasing the number of available edge
and center cells. In the low propagule pressure scenarios the morphodynamic conditions at
colonization sites are lower than in the reference scenario, indicating a shielding effect. Contrastingly, In the high propagule pressure scenario the conditions at colonization sites are
more hostile compared to the other scenarios, showing the largest amount of erosion and
sedimentation and the highest flow velocities.
In summary, we predict a general lower Salicaceae seedling mortality in the invader scenarios with low propagule pressure due to a shielding effect of present vegetation on establishing seedlings, while the mortality of seedlings in the high propagule pressure due to
intensified hydro-morphodynamic pressures at colonization sites increases.
5.4.3 Morphodynamics
There is a clear relation between vegetation occupation and sinuosity in all scenarios, where
a larger and denser vegetation cover leads to a higher sinuosity. Furthermore, the denser vegetation in all invader scenarios reduces sediment transport and results in a slightly lower bed
level, indicating that on average, the floodplain is slightly incising compared to the reference
scenario. Still, the scenarios do not show large differences in morphodynamics in terms of
river planform or average morphodynamic statistics (Table 5.6). All show a dynamic meandering river with downstream migration of meander bends and cut-offs. The high propagule
pressure scenario, resulting in the largest and most dense overall vegetation cover shows the
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Figure 5.14: a) Maximum water level in autumn, b) maximum water level in winter, c) 95th percentile of sediment transport in autumn, d) 95th percentile of sediment transport in winter. LPP: low propagule pressure;
HPP: high propagule pressure.

largest sinuosity and lowest sediment transport rates (Table 5.6 and Figure 5.6). Water levels
are affected by vegetation location, extent and density, which vary from year to year, and
during the year. In the high propagule pressure scenario there is a large difference between
maximum water levels and sediment transport rates in autumn, when F. japonica is at its
tallest, and winter, when the above-ground biomass of F. japonica has disappeared (Figure
5.14). In this scenario, water levels are much higher in autumn than in winter, while the discharges in winter are generally higher (Figures 5.14a and 5.14b). When F. japonica development is most dense, there is a large backwater effect, while in winter, when the above-ground
biomass of F. japonica is gone, this effect is diminished, leading to relatively low water levels
compared to the low propagule pressure scenario and the reference scenario (Figure 5.14b).
Furthermore, in the high propagule pressure scenario, the 95th percentile of the sediment
transport is almost zero in autumn, while it is the highest of all scenarios in winter. This
seasonal difference in sediment transport is due to the large reduction of Salicaceae species,
which maintain more of their above-ground biomass in winter. The high propagule pressure
scenario has less Salicaceae cover and therefore shows more bare substrate in winter, leading
to higher sediment transport rates, and thus larger seasonality in sediment transport (Figures
5.14c and 5.14d).

5.4.4

Comparing model data to field data

In the absence of long-term data for F. japonica expansion on the floodplains of the Allier River we compare our model results to spatial expansion data of F. japonica along the
Schwechat river. Although these rivers differ in size and activity (see section 5.2), we see
similar spatial expansion behavior when we compare two relatively similar shaped meander
bends (Figure 5.15a and 5.15b). Also, the temporal pattern of range expansion shows that the
areal cover over time, relative to total riparian area, falls within a similar order of magnitude
for both rivers (Figure 5.15c).
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Figure 5.15: Comparison of spatial F. japonica expansion of field data along the Schwechat River (a) and modeled data for the Allier River for several years (b), representing grid-cells where F. japonica is dominant. c) Statistics for areal cover over time relative to the total riparian area for both rivers. In the model results, F. japonica
cover was calculated with the total summed fractions within the grid-cells representing the total vegetated
area.

5.5 Discussion
5.5.1 Conceptual model
This study investigates general emergent patterns in vegetation and hydro-morphodynamics
generated by idealized model runs. The main insights from this study have been captured
in a conceptual model. Figure 5.16 shows the main interactions between vegetation and
hydro-morphodynamics that have been modeled in this study (Figure 5.16a) and the results
of these interactions for three stages with increasing levels of invader abundance (Figure
5.16b). Through variations in model parameters for the invader scenarios, we seek to extend this work beyond a particular species and a particular case study. However, due to limited field data on long-term interactions between native plant species, invasive alien species
and hydro-morphodynamic processes in river floodplains to validate our model outcome,
the results from this study have primarily an explorative character. Obviously, an important
recommendation from this research is to monitor vegetation establishment, vegetation succession and alien-native plant interactions under various hydro-morphological conditions
and river management regimes. Nevertheless, our model results can be compared to some
extent to field data from other rivers with different size and dynamics as well as conceptual
models and theory from literature. We have shown that the modeled spatial expansion of F.
japonica along the Allier is in general agreement with field data from the Schwechat River
(Figure 5.15). In both rivers F. japonica establishes when conditions are favorable and might
subsequently expand around the original stand due to combined effects of eco-engineering
properties of the plants, creating more favorable conditions for settlement, and the availability of new substrate due to river migration and cut-offs. Also, the invasion speed of F. japonica
falls within the ranges reported in literature (Table 5.5). This ranges from 15 % mean relative annual increase in the heavily modified river Saar (Vollmer, 2012) to 0.3 % in a natural
reach of the Schwechat River (Gruener, 2016). Our model results show an increase of 0.88 %
for the low propagule pressure scenario and 1.5 % for the high propagule pressure scenario
(Table 5.5). All other scenarios with less persistent invaders show a lower invasion speed
when compared to the high propagule pressure scenario; overall, we find invasion speed to
increase along with invader persistence. These results show that the model is able to reproduce behavior we see in the field. We further explore model validity by comparing patterns
98

+
(a)

(b)

6

No
invader

Facilitation

Vegetation roughness

-

Flow velocity

+

2a

Water level

-

Water level autumn

Native riparian tree

1
Calendar year

5

+/-

3a

Erosion &
sedimentation

Water level winter
Size

2b

3b

Fully
invaded

Sediment transport autumn

+/-

Sediment transport winter

Invasive herbaceous
perennial
Native abundance

Size
Calendar year

Invader abundance

+/4

Figure 5.16: Conceptual model of the main modeled processes, interactions and scenario results. a) Main processes and interactions between vegetation and hydro-morphodynamics included in the model. 1: Increasing
vegetation roughness decreases flow velocity, which in turn elevates water levels due to backwater effects (2a).
Additionally, flow velocity can cause uprooting of vegetation (2b). Increasing water levels and reduced flow
velocity in vegetated patches decrease the morphodynamic activity by reducing erosion and sedimentation
(3a), which in turn can have positive effects on vegetation by creating suitable new conditions for settlement or
negative effects through burial and scour next to vegetated patches (4). Increasing water levels can either be
positive for vegetation development due to moisture supply or increasing the area suitable for vegetation settlement, or negative through increased flooding mortality (3b). Vegetation interacts through competition for
space (5) and affects total vegetation roughness based on their abundance and characteristics, that differ between years for native riparian trees and within the year for invasive herbaceous perennials (6). b) Overview of
seasonal effects of invasion intensity on water level, sediment transport and native vegetation in three stages;
1. natural system without invader, 2. facilitation with low invader abundance, 3. fully invaded system with high
invader abundance and persistence. Explanations of these results are offered in the main text.

and dynamics predicted by the model to information from the literature. Below we discuss
the three main insights from this study:
1. Persistent, abundant invaders decrease native vegetation cover by out-competing them,
shifting accessible colonization sites towards lower floodplain elevations and increasing hydro-morphodynamic pressures at these sites, i.e. effect of propagule pressure on
invasion impact.
2. Less abundant and less persistent invaders facilitate native vegetation development
by creating favorable hydro-morphodynamic conditions at colonization sites through
shielding, i.e. facilitation of native species by invaders.
3. Seasonal, dynamic properties of invaders and native species determine hydro-morphodynamic invasion effects, i.e. seasonal bio-morphodynamic invasion effects.
5.5.2 Effects of propagule pressure on invasion impact
The invasion scenario with high propagule pressure shows a strong decline in total areal
cover and spatial extent of native vegetation. This is caused by fast occupation of available
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open niches by highly persistent invaders that occur abundantly (Figure 5.7, Table 5.5). Especially at more elevated locations on the floodplain where morphodynamic pressures do not
eliminate the invader, the dense invasive vegetation leaves less room for development of Salicaceae species (Figure 5.6, Figure 5.11). This strong competition for space leads to a smaller
elevation range for colonization of native species at lower elevations with higher morphodynamic pressures and consequently a higher mortality due to burial, scour and flooding
(Figure 5.10, Figure 5.12). The morphodynamic pressures at colonization sites are relatively
high compared to the other scenarios (Figure 5.13a-c). This could be attributed to the dense
vegetation patches that divert and accelerate the flow between vegetated patches. This behavior is commonly seen in tidal marshes where the flow is concentrated between laterally
expanding vegetation patches thereby leading to channel erosion (Temmerman et al., 2007).
Due to decreasing area of suitable colonization niches for native species, there is no rejuvenation of vegetation, initially leading to aging and eventually a total decline of native
riparian vegetation (Figure 5.7C). This result confirms the hypothesis that Fallopia species
could alter the course of forest development, thereby affecting structure and functioning of
terrestrial and aquatic habitats (Urgenson et al., 2014). This effect is also visible in floodplains
of the Schwechat River, where F. japonica development strongly reduces Salicaceae recruitment (Field observation by Dr. G. Egger), and also preliminary results from Aguilera et al.
(2010) confirm that F. japonica can suppress regeneration of forest.
The niche available for invasion by alien plant species in our model is large due to the lack
of a natural vegetation cover other than Salicaceae species. This creates much suitable habitat
for F. japonica which in reality could be occupied by herbaceous vegetation and grassland,
such as is actually the case in riparian areas along the Allier River. Furthermore, F. japonica growth is dependent on the availability of disturbed, open substrate, and it is reduced
when shaded by other vegetation (Beerling et al., 1994). Not including other native species
than the main ecosystem engineers in the scenarios may cause bias of our model towards
higher susceptibility for invasion. Biotic resistance, i.e., the ability of native species to prevent dominance of invasive species can sometimes be overcome by a high propagule pressure
of invaders (Berg et al., 2016). This has also been illustrated by the difference between our
low and high propagule pressure scenarios. Bimova et al. (2004) showed that species richness
of the invaded community does not influence invasion success of Fallopia species, and that
environmental conditions and propagule spread are more important. Lockwood et al. (2005)
also attribute establishment success to high propagule pressure, and state that with increasing disturbance, lower propagule pressure is needed for successful establishment of invaders.
Our simulation results show that a high propagule pressure can indeed contribute to invasion
success. Obviously, our high propagule pressure scenario is extreme. Nevertheless, a similar
effect of displacement of cottonwoods by F. japonica is also visible in the Schwechat River at a
local scale, suggesting that this large-scale and disproportionate effect in the high propagule
pressure scenario may indeed be realistic at specific locations. Thus, given that the humaninduced climate change increases the distribution range of F. japonica and its hybrids, and
that some of these hybrids spread even faster than their parents and also produce viable seeds
(Groeneveld et al., 2014), our high propagule pressure case appears to be a plausible scenario
for the future.
5.5.3 Facilitation of native species by invaders
Our model results show that established vegetation of Salicaceae as well as F. japonica facilitates the survival of Salicaceae seedlings by reducing the morphodynamic pressures inside
and around vegetation patches. Morphodynamic conditions are least hostile within vege100

tation patches, but become more intense towards the edge and outside of a patch (Figure
5.13a-c). Eco-engineering species can have a positive feedback on their own development
and can create beneficial conditions for other species as well (e.g. Odling-Smee et al., 2013;
Gurnell, 2014; Corenblit et al., 2016). Facilitation is a natural part of the sequence of vegetation phases that interact with water and sediment, or ‘biogeomorphic succession’ (Corenblit
et al., 2007). This starts with bare substrate that is colonized by pioneer seedlings and over
time evolves towards more resistant vegetation that is capable of actively influencing hydromorphodynamic conditions and hence river pattern. During these latter succession phases
the landforms containing these vegetation patches experience less hydro-morphodynamic
pressures, which makes these habitats suitable for other species that are less adapted to disturbed environments. Also, seedlings can benefit from these shielded conditions. This has
been shown by Corenblit et al. (2016) who find a positive feedback of older P.nigra on recruitment of P.nigra seedlings downstream of the vegetation patch.
Facilitation of native species by invaders seems rarer. Some case studies report native
species facilitation by invaders due to changed habitat conditions such as the creation of refugia by reef building organisms or sea-grass (Bially and MacIsaac, 2000; Castilla et al., 2004;
Posey, 1988). In our model, we find facilitation due to the increased vegetation extent of both
native and invading species creating larger vegetation patches and therefore more sheltered
niches for Salicaceae species to survive. We only find this beneficial effect in the less persistent F. japonica scenarios when the native species are not completely out-competed by the
invader (Table 5.6). In case of high propagule pressure, either with high or medium seed dispersal density, we do not find an increase in native vegetation spread or vegetated area. Only
a combination of high F. japonica mortality and medium seed dispersal density decreases F.
japonica spread, but Salicaceae species are not able to profit from these conditions (Figure
5.9). This suggests only a small ‘window’ for native facilitation.
We only find facilitation when F. japonica acts as an additional eco-engineering species
that actively modifies the environment thereby providing a positive feedback on settling native species. This is in line with the conceptual model of Corenblit et al. (2014) wherein nondominant alien species positively contribute to the eco-engineering capacity of a system in
enhanced trapping of sediment and facilitation of native species and alien species recruitment. This highlights that both invasive and native engineering plants are able to influence
biogeomorphic succession.
In reality, invasion by F. japonica has several negative effects in addition to our modeled competition for space. It is known to have allelopathic abilities enabling the plant to excrete phytotoxic chemicals from its roots and hampering growth of Salicaceae species (Dommanget et al., 2014). Furthermore, by changing vegetation structure and composition, other
biota such as frogs, snails and mycorrhizal fungi might be affected (Maerz et al., 2005; Stoll et
al., 2012; Horáčková et al., 2015; Zubek et al., 2016). This suggests that the facilitative effect of
F. japonica in the model will most likely be overshadowed in reality by a range of other negative effects that could be included in future modelling. However, the facilitative effects in the
less-resistant invader scenario could be valid for other alien plant species without additional
negative effects on ecosystem functioning, but providing solely additional eco-engineering
properties.
In this study, competition for space is a large contributor to invasion success. In reality a
lot of other processes contribute to competition, which are not included in our model. For
instance, F. japonica growth is hampered in grassland and areas with herbaceous vegetation.
Including competition and interaction of these vegetation types would slow down the invasion of F. japonica, creating a more realistic areal expansion. All this raises the need for
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combined field surveys and modelling to identify the most important processes for largescale effects. It has been shown that invaders can thrive in disturbed systems because of an
altered resource balance that weakens native species and gives the invader competitive advantage (Tickner et al., 2001; Huston, 2004). For instance, in case of hydrological alteration
by dams, groundwater levels can drop and invasive species which are better able to adapt
to this new situation by rapidly elongating their roots will gain an advantage (Stromberg et
al., 2007a). In natural systems where there is sufficient groundwater access, willow growth
rates are correlated with moisture availability, while there is little correlation at locations
where groundwater is less available (Batz et al., 2016). Therefore, it will be more difficult for
invaders to out-compete Salicaceae species in natural systems than in systems with altered
flow regimes (Merritt and Poff, 2010).
The invasion speed of F. japonica in our study is relatively high because we assume unlimited rhizome transport in sediment and water. In reality, rhizomes are only transported
downstream when morphodynamic activity has severed rhizomes from upstream F. japonica patches. Therefore, working with point-source populations of invasive plant propagules
that will only be transported in case of morphodynamic activity, may generate more realistic
vegetation patterns. Conversely, some effects of F. japonica might increase its expansion, for
instance its allelopathic abilities or the influence of altered litter composition. Another effect
that could increase local range expansion is the inclusion of lateral, vegetative growth, which
may steadily increase its density over time, additional to the rhizome transport. Furthermore,
to improve the predictive skills of the models, research should focus on unraveling vegetation
response in terms of growth and succession related to hydro-morphodynamic pressures, such
as erosion and sedimentation processes, altered groundwater access, flow velocities, flooding and desiccation in different types of systems and different life-stages of the vegetation.
Other interesting research directions are to study how an invader could facilitate a secondary
invasion (Flory and Bauer, 2014), to investigate the effect of river regulation on the spread
of an invasive species (Perkins et al., 2015), or to investigate how other species inhabiting
the floodplain are affected by the long-term interaction between invader, native vegetation
and river morphodynamics. The coupled numerical model for hydro-morphodynamics and
vegetation opens up many exciting new possibilities, discussed above, for investigating the
effect of invasive species on the interaction with biota and landforms.
5.5.4 Seasonal bio-morphodynamic invasion effects
The effect of an invader on river morphodynamics depends on the characteristics of the invader and those of the native plant species it is replacing. We considered a perennial invader
that has an extensive below-ground rhizome network, a high vegetation density in spring,
summer and autumn, but die-back of above-ground biomass in winter. When this kind of
invader replaces riparian species that maintain their biomass in winter, the substrate is more
prone to erosion in winter resulting in higher sediment transport rates and faster river bank
erosion (Figure 5.14d).
Indeed, it has been shown that F. japonica development increased soil erosion in late autumn and winter when vegetative growth died back, especially on steep river banks (Child
and Wade, 2000). This general trend of increased river bank erosion in winter was also found
for the highly invasive plant Himalayan Balsam (Impatiens glandulifera) (Beerling and Perrins, 1993; Greenwood and Kuhn, 2014; Matthews et al., 2015), which has similar seasonal
above-ground dynamics as F. japonica but is less resistant to morphodynamic pressures. The
main difference with F. japonica is that I. glandulifera is an annual plant, so that erosion in
winter is likely even more intense because there is no active rooting system left for soil co102

hesion. In or model study however, we did neither take into account effects of the rooting
system of F. japonica on soil strength, nor that dead stems remain erect during winter and
thus can still provide some hydraulic resistance. Therefore, we most likely overestimate the
amount of sediment transport over the floodplain in winter. River morphodynamics can be
influenced by below-ground biomass, which is also shown by (Jaeger and Wohl, 2011), who
studied the morphological response of the removal of two invasive species with and without
removal of their rooting systems, and found that removal of all below-ground biomass caused
significantly larger changes in channel adjustment. However, another field study shows that
the root system of F. japonica provides far less stability on river banks in winter than forest
and that the erosion rate of river banks vegetated with F. japonica approaches erosion rates
of bare soil (Personal communication Dr. D. Ross, Vermont University). Clearly, more field
data is needed including contextual information about the morphological style of the river.
Effects of vegetation are not merely local but also occur at reach-scale, because of the backwater effect on water levels. We find a large backwater effect in the high propagule pressure
scenario in early autumn, when F. japonica is at its largest (Figure 5.14a). Hydraulic resistance values of F. japonica, indicated by stem density, are relatively high compared to those
for most phases of Salicaceae (Figure 5.3b), which might increase the risk of flooding. In the
high propagule pressure scenario, water levels are raised by almost 0.4 m on average in the
growing season, when compared to winter. This is an extreme result because in the Allier
River, discharges are generally higher in winter. In the other scenarios we do find higher water levels in winter compared to the growing season. In the low propagule pressure scenarios,
the difference in water levels and sediment transport between seasons is least pronounced
because there is a substantial vegetation cover in winter as well as in summer. Morphodynamic changes by invaders may be even more profound if an invasive species is an evergreen,
perennial tree, such as Tamarix. This species is known to have caused changes in fluvial morphology by trapping sediment, increasing bank stability and narrowing the channel (Tickner
et al., 2001). Also invasive herbaceous vegetation can cause these effects by out-competing
native species with a lower hydraulic roughness (Martinez and McDowell, 2016).
Our results show how seasonal vegetation properties and the interaction between vegetation and morphodynamic processes affect long-term river morphology. Modeling more aspects of bio-morphodynamics could lead to improved accuracy of results, e.g., by including
native perennial, herbaceous vegetation interactions on the floodplain, including detailed
relations between discharge, morphodynamics and above and below ground dynamics of
Salicaceae species (Pasquale et al., 2014; Tron et al., 2015) and the inclusion of steep bank
erosion processes that are currently not well represented by the coarse rectangular grid and
the simple bank erosion algorithm (Schuurman et al., 2013). Our modelling study provides
generic working hypotheses to suggest data collection and test how invasive species in rivers
and river morphodynamics interact in specific cases.

5.6

Conclusions

Our model results show that the effect of an invader on native riparian vegetation and river
hydro-morphodynamics is dependent on the magnitude of propagule pressure, its persistence, its dynamic properties and the dynamic properties of the native species it is replacing.
When propagule pressure is high, native species are out-competed due to fast and dense
occupation of all available niches with a high persistence of the invader. Especially on higher
elevations on the floodplain, where the invader is not removed by hydro-morphodynamic
pressures, there is no room left for native species. This leads to a smaller range of native
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colonization at a lower floodplain elevation with higher morphodynamic pressures and consequently higher mortality rates. Additionally, dense invader vegetation patches concentrate
the flow and create more hostile conditions around vegetation patches, creating a negative
feedback that further limits native colonization.
When propagule pressure is smaller and the invader is less persistent, we find that native
vegetation expands over a larger area. This is due to the development of larger, but less dense
vegetation patches providing sheltered conditions that facilitate native colonization. In this
case, the invader can be seen as an additional eco-engineering species contributing to the
natural biogeomorphic succession in a similar way as the native vegetation. However, this
positive effect is only visible when there is sufficient habitat available for native species, which
was not the case in the high propagule pressure scenario. Also, additional negative effects,
such as allelopathy by the invader would outbalance this facilitation effect.
When massive invasion of a perennial herbaceous species replaces riparian trees and leads
to a dense vegetation cover, this may lead to considerable hydro-morphological effects. We
observed an increase in water levels during the growing season in the scenarios with invaders,
more so in the high propagule pressure scenario, creating a potential risk for flooding. Furthermore, we find a large difference in sediment transport rates between winter and autumn
with relatively high erosion rates of the floodplains in winter when the above-ground biomass
of the invader has died back. The scenario with the highest native abundance, facilitated by
the invader, shows reduced erosion in winter due to the largest remaining above-ground
biomass of the native species. This shows that seasonal above- and below ground dynamic
vegetation properties of the invader and of the native vegetation it replaces will affect longterm morphological development of riparian areas.
Our work demonstrates that spatial and temporal patterns of local and large-scale effects
of plant invasions are complicated because of the multiple bio-geomorphological feedback
mechanisms. This exploratory model study led to new hypotheses for effects of invasive riparian species on fluvial biogeomorphology. Given the importance of the invasive species
problem, spatio-temporal data of the invasive and native species in combination with data
of river morphodynamics are urgently needed and will allow testing of our generalised conclusions.
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Chapter 6
Combined effects of climate change and dam construction
on riverine ecosystems
River morphology and riparian vegetation continuously adapt to changing discharge conditions, which makes it a challenge to distinguish long-term development driven by natural discharge variation from the impacts of flow alteration due to climate change and due to dams.
The aim of this study was to investigate how such flow alterations affect bio-geomorphological
processes and habitat suitability of several fluvial plant and animal species. This is done with a
numerical model representing dynamic interactions between morphodynamic processes and
riparian vegetation coupled to habitat suitability models of fluvial species. We compared a control run with natural flow regime to altered flow for two scenarios with different dam operating regimes, two scenarios with climate change, and for combinations of dams and climate
change. Results show that flow stabilization leads to incision, acute reduced seedling recruitment and decline of riparian vegetation. Climate change generates a gradual response, where
high flow extremes counteract an otherwise reduced seedling recruitment of pioneer vegetation, while drying reduces riparian vegetation recruitment and causes vegetation shifts towards
lower elevations on the floodplain. Modelled habitat availability for facilitated plant and animal
species declines most when the synchrony between critical life history events and habitat requirements is disrupted by altered flow conditions, with opposing effects for different species.
Dynamic interactions between bio-geo-morphological processes with different characteristic
time-scales create non-linear and adaptive behaviour of morphology, habitat patterns and facilitated species habitat. This implies that only models that include bio-geomorphological feedbacks can forecast impacts of multiple flow alteration pressures, whereas addition of singlepressure regime effects is overly simplistic.

Submitted manuscript: Van Oorschot, M., Kleinhans, M. G., Geerling, G. W, Middelkoop, H. Buijse,
A. D. (Conditionally accepted). Combined effects of climate change and dam construction on riverine
ecosystems. Ecological Engineering
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6.1 Introduction
Humans have been altering river systems for centuries to fulfil their water needs and for
protection against floods. Dams have been constructed to secure water supply, regulate river
flow for navigation and to generate power. Consequently, the flow regime of many rivers
has been dramatically altered from their natural flow regime (Dynesius and Nilsson, 1994;
Nilsson et al., 2005). Flow alteration by dams can affect the magnitude, timing and duration of
high and low flows (Clarke et al., 2008). In addition to these direct human alterations, climate
change is beginning to affect the hydrological regime as well. Multiple climate models forecast
a general trend towards lower discharges and an increase of precipitation in winter and spring
in Europe (Dankers and Feyen, 2008; Van Vliet et al., 2013). Both these direct regulationassociated and climate driven alterations will likely continue to affect rivers for the coming
decades, potentially having dramatic and unpredictable impacts on their morphodynamics
and associated ecosystems.
Riparian species closely depend on river flow and have adapted their life-history processes
to flow regimes (Karrenberg et al., 2002). Consequently, flow regimes and associated biomorphological interactions determine the distribution pattern of riparian species. Therefore,
alteration of the flow regime inevitably leads to shifts in riparian ecosystem dynamics.
Changing timing of peak flows can decrease the colonization success of riparian plant
species when it results in a mismatch between the seasonal flow and the timing of seed release
(Poff et al., 2010). A decrease in high flows reduces the connectivity of the main channel to the
floodplain, thereby restricting movement of specific fish and macro-invertebrate species between different habitat types that are essential to complete their life-cycle (Rolls et al., 2012).
Furthermore, a decrease in inter-annual discharge variation will lead to a decline in richness of riparian species and fish species (Poff et al., 2010). Less frequent over-bank flooding
due to, for instance, dam construction may lead to an increase of vegetation and vegetation
development within or adjacent to the river channel (Williams and Wolman, 1984; Dolores
Bejarano et al., 2011), ageing of riparian vegetation (Azami et al., 2004), reduced recruitment
success of riparian trees, and eventually a decline in softwood forest extent (Rood and Mahoney, 1990; Rood and Mahoney, 1995; Polzin and Rood, 2000). Additionally, the riparian
ecosystem can become more vulnerable to competing effects of invasive alien species that can
faster and better adapt to new conditions than native species, e.g. invasive species that rapidly
elongate their root systems to cope with dryer conditions after dam construction (Stromberg
et al., 2007a; McShane et al., 2015). Hydrological change also affects riparian ecosystems by
rearranging the habitat mosaic through changes in river morphology (Nilsson and Svedmark,
2002). In turn, this influences the settlement locations of pioneer eco-engineering species and
all other species depending on the conditions created by these engineering species (Williams
and Wolman, 1984; Gurnell, 2014).
The bio-geomorphological response of rivers to impoundment by dams depends on a variety of factors, such as sediment load and grain size, dam operating regime, climatic region,
type of vegetation and inherited channel form (Williams and Wolman, 1984). This large variability makes it difficult to predict the rate and sequence of changes in river morphology
(Petts and Gurnell, 2005). There are some conceptual frameworks that generalize effects of
dams in terms of changes in channel dimensions, roughness and slope due to changes in discharge and sediment load (Ward and Stanford, 1995; Petts and Gurnell, 2005). For instance,
in rivers where discharge is strongly reduced, the channel width and channel conveyance are
reduced (Petts and Gurnell, 2005). The time that is necessary for rivers to reach a new dynamic equilibrium after the flow alteration can range from less than 10 years in systems with
high sediment loads and fast vegetation development to well over 200 years in environments
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that are less dynamic (Williams and Wolman, 1984). For instance, in an intermediate-sized
meandering sand-bed river, Merritt and Cooper (2000) found channel narrowing in the first
decade after dam construction followed by channel widening and vegetated mid-channel
bars in subsequent years.
In contrast to the relatively extreme and acute effect of dams, climate change leads to a more
gradual change in conditions depending on geographical location. Potential adverse effects
of climate change for fish and macro-invertebrates are often attributed to altered chemical
composition and increasing water temperature (Brucet et al., 2012; Mantyka-Pringle et al.,
2014; Santiago et al., 2016). However, also changes in low flows and high flows can disrupt
critical life history processes. For instance, lower flows reduce the available spawning and
incubation habitat for salmon, while increased peak flows can destroy salmon eggs through
scouring (Battin et al., 2007) and change the general abundance and community composition
of fish and macro-invertebrates (Death et al., 2015). Yet, few studies have addressed the effects
of climate change on riparian vegetation. In the case of more extreme events in high- as well
as low flows, Mosner et al. (2015) predict a general decrease in habitat for hardwood forest
and softwood forest in the River Rhine. Other studies involving climatic predictions with a
general drying trend, predict a decrease in early succession phases and a trend towards ageing
of vegetation and replacement of softwood species with more drought-tolerant species (Rood
et al., 2008; Stromberg et al., 2010; Rivaes et al., 2014).
Bio-geomorphological impacts of altered flow regimes are controlled by the interactions
between vegetation and morphodynamics, which are non-linear and comprise both negative and positive feedbacks. In an intermediate-sized river where vegetation and morphodynamics regularly interact, vegetation density as well as vegetation location on the floodplain
strongly influence the morphodynamics of the system (van Oorschot et al., 2016). Dense
vegetation development reduces morphodynamic activity and can lead to avulsions, while
more sparsely distributed vegetation leaves room for chute cut-offs and dynamic meandering, which locally cause vegetation mortality and at other locations creates new suitable sites
for settlement (van Oorschot et al., 2016). Since vegetation and river pattern both adapt to
altered discharge conditions, it is a challenge to distinguish effects of the natural discharge
variation from the effect of climate change and dams (Petts and Gurnell, 2005).
This study aimed at determining and understanding how altered flow regimes affect biogeomorphological processes and habitat suitability of representative fluvial plant and animal
species and species groups. To this end, we tested effects of two types of flow alterations:
acute flow alteration related to dam construction and gradual flow alteration caused by climate change as well as combinations of both pressures. This was done by simulating the
bio-geomorphological interactions in a river stretch using a numerical model for morphodynamic processes that was dynamically linked with a model for vegetation colonization and
growth processes. Although this coupled model is computationally expensive, it allows us
to investigate the complex and dynamic bio-geomorphological patterns and dynamics that
emerge on the timescale of decades. We ran in total 9 scenarios: a control, two different dam
scenarios, two opposing climate scenarios and all combinations between dam and climate
change scenarios. One dam scenario represented preservation of flow seasonality, the other
completely reversed flow seasonality. The climate change scenarios comprise one with a general drying trend and one with increased low and high flows. All scenarios and combinations
of scenarios were compared to a reference scenario with an unaltered, natural flow regime
for evaluation of trends and changes in ecosystem response.
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6.2 Methods
We conducted modelling for several flow alteration scenarios with a detailed hydro-morphological
model coupled to our vegetation model, detailed below. The model represents intermediatesized meandering rivers: this condition was chosen such that the surface cover is created
by interacting fluvial morphodynamics and species, and that neither dominate the resulting
landscape in the reference situation. The scenarios are idealised in the sense that they represent typical conditions as found in the literature, but the scenarios are also realistic in the
sense that we retained the natural discharge variability necessary for the expected settling,
growth and mortality of the riparian tree species. Results for these scenarios were compared
in vegetation age and cover properties. Furthermore, we applied habitat suitability rules for
representative fluvial plant and animal species of several taxonomic groups to assess wider
ecological implications of the changing river conditions and landscapes.
6.2.1 Eco-morphodynamic model
We loosely based our modelled river stretch on the Allier River in France, which is a medium
sized, dynamic meandering gravel bed river of which the morphodynamics and vegetation
have been well documented over the last years (Geerling et al., 2006; Kleinhans and van den
Berg, 2011; Van Dijk et al., 2014). The eco-morphodynamic model contains the morphodynamic model Delft3D for numerical calculation of depth-averaged flow velocities and bed
level updates (see Lesser et al., 2004; Schuurman et al., 2013, for details on morphodynamic
equations and processes) and an interactively coupled riparian vegetation model based on
van Oorschot et al. (2016), containing vegetation colonization, growth, prediction of hydraulic resistance and mortality through flooding, desiccation, uprooting, scour and burial.
Initial model settings and parametrization of hydro-morphodynamic model parameters, except the discharges, were similar to those described in van Oorschot et al. (2016). The vegetation model from van Oorschot et al. (2016) has been updated and re-calibrated at several
points. The current model version calculates and updates vegetation growth and mortality in
two-weekly time steps, as opposed to once a year in the previous version of the model. This
results in a more dynamic and realistic system because changes in hydro-morphodynamics
directly affect vegetation processes and vice versa. Furthermore we used real discharges from
the Allier rather than several general discharge events as in van Oorschot et al. (2016), requiring that the mortality thresholds of Salicaceae species were re-calibrated to approximate
a total Salicaceae cover 15 % after 150 years and an age distribution with a pioneer, bush and
forest ratio of 0.2 : 0.5 : 0.3 (as in Geerling et al., 2006; van Oorschot et al., 2016). Figure 6.1
shows a comparison of patterns in vegetation and morphology between model results and
observations from aerial photos.
Salicaceae species have an inter-annual growth cycle that was represented in the model as
a logarithmic growth curve, which means that their shoot and root size increased every year.
They contained different life stages that differed in number of stems per m2 and sensitivity for
hydro-morphodynamic pressures (van Oorschot et al., 2016). In the model, species growth
rates were assumed not to be affected by resource limitation or competition, e.g. shadowing
and moisture availability. Groundwater access was not modelled explicitly, but was indirectly
calibrated by setting higher desiccation thresholds for mortality, especially for older vegetation. We assumed that these older vegetation types had better access to groundwater during
times of low flow, because of their increased rooting depth.
Vegetation interacts with hydro-morphodynamic processes through its hydraulic resistance. This depends on the height of the vegetation, determining whether water flows only
through or also over the vegetation, and on vegetation density, which is expressed by the
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Figure 6.1: Comparison of modelled and observed patterns and statistics for vegetation and river morphology.
a) Comparison of vegetation patterns and river morphology between the model simulation with natural discharge conditions at simulation year 100 (real year 1992), which serves as the starting point for all the scenarios.
The model is able to reproduce similar morphological features and vegetation zonation as observed from aerial
photos of the Allier River. Oxbow lakes are formed by meander migration and meander bends are periodically
cut off. Older vegetation is found on the higher parts of the floodplain near oxbow lakes or at the upstream
side of meander bends, while younger vegetation is found closer to the channel. b) Total riparian vegetation
cover expressed as the sum of observed aerial cover of pioneer, bush (averaged over open and closed) and
forest (averaged over open and closed) from Geerling et al. (2006) for 6 years, compared to the total modelled
vegetation cover over model year 50 (real year 1942) to the end of the simulation at year 209 (real year 2100).
The median vegetation cover is similar, but the model shows a larger spread. c) Age ratio of observed aerial
vegetation cover compared to the modelled cover of seedlings, saplings (2-10 yrs) and forest (older than 10
yrs) over model year 50 (real year 1942) to the end of the simulation at year 209 (real year 2100). The modelled
age ratio shows a similar range as the observed age ratio, showing the highest fraction of saplings/bush and
the lowest fraction of seedlings/pioneers.

stem diameter, the number of stems per unit area, and the fraction with which vegetation
occupies the cell (Baptist et al., 2007). Hydraulic resistance caused by vegetation was calculated in each grid cell with the Baptist et al. (2007) relation. Sediment stabilization by roots
was not explicitly considered in the model. The current version of Delft3D uses a relatively
simple bank erosion module that is not able to simulate detailed lateral bank erosion with
processes like undercutting and bank failure of steep banks. Bank erosion takes place when
a cell is incised and subsequently causes the dry neighbour cells to decrease by 50 % of the
incised amount. Because vegetation reduces flow velocity, the amount of bed erosion within
vegetated patches is low.
During a simulation, plants die through flooding, desiccation, uprooting, scour and burial
depending on their sensitivity to these pressures. For Salicaceae species, this sensitivity was
life-stage dependent, with younger vegetation being more sensitive to morphodynamic pressures. Plants that remain unaffected by morphodynamic processes die due to senescence
when a pre-defined maximum age was reached, i.e. 60 years for Salix and 150 years for Populus (Braatne et al., 1996; Peters, 2002). Flooding, desiccation and uprooting mortality is
calculated with the dose-effect relation described in van Oorschot et al. (2016). The values of
the thresholds and slopes in the dose-effect relations for Salicaceae species are presented in
Table 6.1.
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Table 6.1: Mortality parameters for Salicaceae seedlings (1 yr old), saplings (2-10 yrs) and forest (older
than 10 yrs) in all scenarios.
Parameter

Unit

Salix
seedlings

Populus
seedlings

Salix
saplings

Populus
saplings

Salix
forest

Populus
forest

Flooding threshold
Flooding slope
Desiccation threshold
Desiccation slope
Uprooting threshold
Uprooting slope

d
−
d
−
m/s
−

40
0.75
15
0.75
0.55
0.75

35
0.75
20
0.75
0.55
0.75

230
0.8
170
0.3
3.5
0.75

220
0.8
180
0.3
3.5
0.75

310
0.5
365
1
12.0
0.3

290
0.5
365
1
12.0
0.3

Table 6.2: Overview of single-pressure model scenarios and combined-pressure scenarios.
Reference with natural flow regime
without pressures

Dam stable

Dam reversed

Climate change drying trend
(CCdry)

Dam stable + climate change drying
trend

Dam reversed + climate change
drying trend

Climate change extreme events
(CCextreme)

Dam stable + climate change
extreme events

Dam reversed + climate change
extreme events

6.2.2 Set-up of scenarios
Two scenarios representing contrasting dam operating regimes were generated: one with only
a stabilized flow regime and one with a reversed flow seasonality (Figure 6.2a). Two contrasting climate change scenarios were generated: one with a general drying trend (Van Vliet et
al., 2013) and one with increasing extreme events in low and high flows, based on changing precipitation regimes (Dankers and Feyen, 2008) (Figure 6.2b). Also, four combination
scenarios with climate change and dam operation were generated (Table 6.2).
In all these scenarios, only the upstream discharge boundary was adjusted, while all other
conditions, including the sediment concentrations and vegetation settings were kept the
same. This amounts to the assumption that the dams were constructed so far upstream that
the river was able to pick up sufficient sediment downstream of the dam so that the sediment
regime of the modelled section remained unaltered. The sediment influx at the upstream
boundary was kept in equilibrium with the transport capacity, meaning that no net erosion
was enforced such as would occur immediately downstream of a dam. Consequently, the
sediment concentration at the upstream boundary was similar to that at the downstream
boundary. This prevented steep sediment transport gradients leading to strong local erosion
that would not occur in river reaches further downstream of the dam.
We used daily discharges from the Allier measured near the town of Moulins between
1968 and 1992 as the reference for the scenario runs. To generate discharge series for the
scenario period until the final projection year 2100 for the scenarios, we randomly sampled
years from the reference period, hence preserving discharge variations within the year. For
optimal comparison, all altered flow scenarios were generated with this same time series. After generation of the flow alteration scenarios, the discharges were monthly averaged before
the start of the simulations.
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Figure 6.2: Generated hydrographs for the last 6 years of scenarios with dams (a) and climate change (b) compared to the natural flow regime.

Dam scenarios

We created a discharge scenario with a dam operating regime of a reservoir that functions as a
buffer to attenuate peak flows for flood protection in winter and that stores water to increase
the minimal flow in summer for water consumption downstream. The resulting discharge
regime maintains a similar, but damped, seasonal variation when compared to the natural
flow (Figure 6.2a). In this scenario, the data is divided in a wet period from December until
May and a dry period from June until November, unless the discharge in the wet period is
below the given threshold of 90 m3 /s or if the reservoir volume is too low, then the period
is considered dry. At the same time, the reservoir volume is maintained within pre-set minimum and maximum volumes by decreasing the minimum discharge released (Qlow ) when
there is too little water. When there is too much water in the reservoir, this excess amount of
water is released, causing peak flows. The released discharge is smoothed over 10 antecedent
days, to represent responsive release to preceding inflow and attenuation of minor discharge
fluctuations towards the downstream river reach. The dam operating scenario with a stabilized flow regime and maintained seasonality of the flow is referred to as ‘stable dam scenario’.
The scenario with reversed flow regime represents a more extreme flow alteration with
totally reversed seasonality aiming at water provision for downstream areas during the dry
season (Richter and Thomas, 2007). During the season with high flow, water is stored in the
reservoir, resulting in a low released water flow. Conversely, during the dry season a large
water flow is released from the reservoir that is then gradually emptied. A second effect of
this scenario is that it totally removes peak flows that occur during the wet season when the
reservoir fills up, and thus avoids flooding. To construct the hydrograph for this scenario a
similar division was made in wet and dry periods as in the stable dam scenario. The original
wet period is given a constant minimal discharge of 65 m3 /s and the discharge in the original
dry period depends on previous conditions and the available water (Figure 6.2a and Table
6.3). This dam operating scenario with the seasonally reversed flow regime will henceforth
be called ‘reversed dam scenario’.
In both dam operating scenarios, the total amount of water annually released to the downstream river is comparable to the reference scenario; the dam only redistributes the amount
of discharge over the year.
Climate change scenarios

The climate change scenario with a general drying trend is based on results of Van Vliet et
al. (2013) for the Loire river. Here, reductions of 23%, 53% and 7% were obtained for normal flows, low flows and high flows respectively. These percentages are averages of six biascorrected general circulation models for both SRES A2 and B1 emission scenarios. Low flows
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Table 6.3: Equations used to derive discharges for both dam operating regimes from the natural discharge time series. The annual discharge sum is comparable to the natural discharge time series.
Reversed flow regime
Qwett = Qlow
Qdryt = Qwet − Ql ow + Qdry
Stable flow regime
if RVt−1 < RVmin , Qdryt = min (Qt , Qlow )
if RVt−1 < RVmin , Qwett = Qlow

elseif RVt−1 > RVmax , Qdryt (
= max (Qt , Qlow )
)

else Qdryt = Qlow

Parameter

Value

Description

Qdryt
Qwett
Qlow
Qhigh
RVmin
RVmax
RVtotal

New discharge in original dry period
New discharge in original wet period
Minimum discharge during new dry period
Minimum discharge during wet season
Minimum reservoir volume
Maximum reservoir volume
Total reservoir volume

Variable
Variable
65
160
5000
45.000
50.000

else Qwett = Qhigh × 0.9 × 1-

RVtotal −RVt−1
RVtotal

are expressed as flows lower than 10th percentile, high flows as discharges higher than the 95th
percentile and the normal discharges include all discharges between the low and high flows.
The reductions were applied to the time series of observed Allier discharges as percentage
changes of the low-, high- and normal discharges; gradual changes from the present to the
projection year 2100 were obtained by straightforward interpolating the changes in equal
steps per year (Figure 6.2b). This scenario results in a decrease in discharge over time.
The climate change scenario with extreme events is derived from a region climate modelling study by Dankers and Feyen (2008), based on the high-end IPCC SRES-A2 scenario
(IPCC, 2000). This study provided changes in average seasonal precipitation. Because the Allier is mainly a rain-fed river, we adopted the changes in precipitation for estimating changes
in river discharge. Accordingly, this scenario involves a flow increase by 30% in winter (DJF)
and by 15% in spring (MAM), and a decrease in river flow by 30% in summer (JJA) and by
7.5% in autumn (SON). The percentages of change were applied to the reference time series 1992-2100 in the same manner as in the other climate change scenario, now taking into
account the different seasons (Figure 6.2b). This scenario results in an increase in discharge
over time.
6.2.3 Habitat suitability models
The spatial analysis tool HABITAT (Haasnoot and van de Wolfshaar, 2009) was used to establish habitat suitability models for species and species groups representative for the complete
lateral fluvial gradient from main channel to the highest elevations on the floodplains: fish
spawning and egg incubation, macrophytes, helophytes, riparian grassland and hardwood
forest. HABITAT uses dose-effect relations of species based on a set of critical habitat requirements as input. These effect relations indicate the boundaries of environmental conditions
for the expected presence of species. HABITAT translates each environmental parameter
map to a habitat suitability index map on a scale from zero to one. Since the limiting environmental parameter determines the eventual suitability, the minimum of all environmental
parameters per grid cell was used as the final habitat suitability index.
We used habitat requirements for Alopecurion pratensis as the general type for riparian
grassland occurring on the lower parts of the floodplain that can withstand periodic flooding
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(van der Perk, 1996). Reed (Phragmites australis) was chosen as the representative for helophytes. For macrophytes we use a more general suitability curve comprised of environmental
boundaries for a range of macrophyte species (Geest and Teurlincx, 2010). We considered
two different fish species: spawning and egg incubation of the Atlantic salmon (Salmo salar),
and spawning of the pike (Esox lucius). These species were chosen because they represent
two functional groups: rheophilic, i.e. preferring flowing water (salmon) and limnophilic, i.e.
preferring stagnant or slow moving water (pike). The habitat suitability analysis was done as
post-processing; interactions among different species were not considered. For each species,
relevant statistics of habitat characteristics were calculated for each simulation year from the
bio-geomorphological model output, and used as input parameters for the habitat suitability models. These parameters combined with dose-effect relations were used to calculate the
habitat suitability of the selected species and species groups for each simulation year (Table
6.4).
For plant species occurring in less disturbed environments, conditions have to be stable
for a period of time before a viable population can develop. Other species, like pike, can
overcome several years without good recruitment due to poor spawning conditions and still
maintain a viable population. Therefore, we also calculate a population response as opposed
to absolute habitat suitability, which takes this stability requirement into account. The antecedent conditions for macrophytes and helophytes have to be suitable for 5 consecutive
years (Geest and Teurlincx, 2010). This is calculated by weight-averaging of the habitat suitability per grid cell over the previous 5 years, where higher weight is added to years closer to
the year under consideration. This is done linearly with the numbers of years under consideration, i.e. when 5 antecedent years are considered the year under consideration counts 5
times, the year before that 4 times, and so on.
The effect of habitat suitability on pike population is determined by its spawning age and
maximum age. On average, the pike reaches spawning age after 4 years and its maximum age
is 12 years (De Laak and Van Emmerik, 2006). Assuming that the pike reaches its maximum
age, it requires at least 1 year with suitable conditions every 8 years to reproduce. Therefore, the population response for pike in the year under consideration is calculated by taking
the maximum habitat suitability over 8 antecedent years. This means a simplification in that
we ignore population size and biomass. For grassland, we assumed that conditions have to
be within the suitability boundaries for a minimum of 5 consecutive years, for hardwood
shrubs 10 years and for hardwood forest 30 years (van der Perk, 1996). We did not account
for connectivity between landscape units, meaning that we assume this to be sufficient for
fish species to complete their life cycle by migrating between floodplain and main channel.
6.2.4 Data analysis
All statistics used for analysing model results were calculated from year 1992 (model year
100) onwards, and excluded a 500-meter zone from the upstream and downstream boundaries to minimize the boundary effects. All time series were smoothed by moving average
over 10 years to filter out effects of individual floods. Bed level data was detrended and normalized as described in van Oorschot et al. (2016).
Morphodynamic parameters

Peak discharges were calculated as the 95th percentile of all daily discharges per year, and
values were subsequently plotted as the median per selected time interval (1992-2016; 20172041; 2042-2066; 2067-2100). The spread in the peak discharge was represented by the 5th
and 95th percentile of all peak discharges per time interval. Total morphodynamic activity
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Table 6.4: Dose-effect relations for habitat suitability for Atlantic salmon, pike, macrophytes, helophytes,
hardwood forest and grassland.

Parameter

Time frame
(# month in
year)

Valuea

Unit

Rule
typeb

Reference

m/s

L

Inskip (1982)

m/s
m/s

B
B

Inskip (1982)
Excludes areas without flow

m

L

Inskip (1982)

Pike spawning
Mean flow
velocity
Max flow velocity
Min flow velocity
Mean water
depth

2-4
2-4

Max water depth

2-4

< 2.0

m

B

Min water depth

2-4

>= 0.10

m

B

2-4

2-4

[0,0]; [0.05,1]; [0.1,1];
[0.2, 0.5]; [0.3,0]; [5,0]
<= 0.3
>0
[0,0]; [0.1,0]; [0.3,1];
[0.6,1]; [1.4,0]; [ ,0]

De Laak and Van Emmerik
(2006)
De Laak and Van Emmerik
(2006)

Salmon spawning
Mean flow
velocity
Max flow velocity
Min flow velocity
Mean water
depth
Max water depth
Min water depth

11-12
11-12
11-12
11-12
11-12
11-12

[0,0]; [0.08,0]; [0.13,1];
[0.45,1]; [1,0]; [ ,0]
<= 1.0
> 0.1
[0,0]; [0.15,1]; [0.35,1];
[0.7,0]
< 0.7
>= 0.15

m/s

L

De laak (2007)

m/s
m/s

B
B

De laak (2007)
Excludes areas without flow

m

L

De laak (2007)

m
m

B
B

De laak (2007)
De laak (2007)

Salmon incubation
Mean flow
velocity
Max flow velocity
Min flow velocity

1-4
1-4
1-4

[0,0]; [0.08,0]; [0.13,1];
[0.45,1]; [1.5,0]; [ ,0]
<= 1.5
> 0.1

m/s

L

De laak (2007)

m/s
m/s

B
B

De laak (2007)
De laak (2007)

m

L

Geest and Teurlincx (2010)

m

B

Geest and Teurlincx (2010)
low dynamic areas defined in
Maas (1998)

Macrophytes
Mean water
depth
Min water depth

5-7

[0,0]; [0.5,1]; [1.5,1];
[1.9,0]; [ ,0]
> 0.1

Max flow velocity

5-8

<= 0.35

m/s

B

Morphodynamic
activity

1-12

<= 10

cm

B

Disturbance assumption

5

Helophytes
Mean water
depth
Max Water depth

m

L

Dikker (1974)

5-10

[0,0]; [0.1,0]; [0.5,1];
[1.5,1]; [2.1,0]; [ ,0]
< shoot height c

m

L

Max flow velocity

5-8

<= 0.35

m/s

B

Pers. Comm. Dr. G. van Geest
low dynamic areas defined in
Maas (1998)

Morphodynamic
activity

1-12

<= 10

cm

B

Disturbance assumption

daysd

L

Klijn et al. (2002)

days

L

Maas (1998)

5-10

Hardwood forest
Inundation time

1-12

<= 20
Grassland

Inundation time
a

1-12

50-150

The values indicate a HSI of 1.0, other values represent a HSI of 0.
b
B = boolean rule type, L = linear; this is a linear reclassification model where the coordinates are given between square
brackets [X,Y]. X is the parameter value and Y is the HSI value.
c
shoot height of helophytes is calculated with the following formula: size = log(ts) ∗ gf, where size is the height in meter,
ts is the timestep on a 2 weekly basis, gf is the growth factor (set to 2).
d
inundation time is expressed as number of subsequent days of flooding.
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per year was calculated as the median absolute difference between the bed level at the beginning of each year and the end of each year, per selected time interval. Sinuosity was calculated
as described in van Oorschot et al. (2016). Channel width-depth ratios, indicative of channel
shape and stability, were calculated by determining the width and maximum depth of the
main channel for each cross section and each ecological time step. Here, the main channel
was determined from water level and bed level, where we assumed that the widest channel in
each cross-section was the main channel. Subsequently the median of the width-depth ratios
over all cross sections and ecological time steps was calculated to obtain data per year. The
wetted area was defined as the total area with a water level larger than zero for each ecological time step. Subsequently the median was calculated over all ecological time steps to obtain
values per year.
Vegetation parameters

The vegetated area was calculated by summarizing all fractions with which vegetation occupied the grid-cells per age class of vegetation (1 year old seedlings, 2 to 10 year old saplings
and forest older than 10 years) in the last ecological time step of the year. The vegetated belt
(i.e., the height zone where vegetation occurs) was calculated by obtaining the absolute difference between the 25th percentile and the 75th percentile of the bed level of vegetated cells.
This value indicates the width of the vegetated bed level elevation range, but for readability
this will henceforth be called ‘vegetated belt’. Suitable habitat area per species per year was
calculated as the percentage of grid cells where habitat suitability value is higher than 0.5.
This was done for the habitat suitability maps as direct output from HABITAT and for the
modified suitability maps where we took population requirements of stability over a certain
period into account, explained in 6.2.3.

6.3

Results

6.3.1 Morphodynamics
The model runs for single-pressure scenarios result in different river channel patterns, floodplain elevation and vegetation age and distribution, but all yield a single thread, meandering
channel (Figure 6.3). All scenarios except the extreme climate change scenario result in a
lower morphodynamic activity than the natural flow regime (Figure 6.4a). For the dam scenarios this is caused by the immediate decrease in median annual peak discharge that accounts for a large proportion of the total sediment transport (Figure 6.4b). For the scenario
with the drying trend, reduced morphodynamic activity is caused by the gradual reduction
of discharge, whereas the extreme events scenario has discharge increasing over time. Generally, a combination of dams and drying by climate change leads to a further decreasing
trend of morphodynamic activity, while extreme events increase morphodynamic activity
over time, although not in a linear trend over the time periods (Figure 6.4a). However, there
are some remarkable trend ‘breakers’ with high morphodynamic activity in the second interval for the dry scenario and the last interval for reversed dam scenario. This is most likely
caused by large discharge peaks during these intervals (Figure 6.4b). In the dry scenario this
initiates the cut-off of two meander bends occurring between 2029 and 2042, visible in Figure
6.3b in the year 2050. Furthermore, a stable dam combined with extreme events surprisingly
has the lowest morphodynamic activity in the last interval, although the peak discharges are
not lower. The results from this scenario show a continuously increasing vegetation cover
(Figure 6.5), which could be the cause of the drop in morphodynamic activity.
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River length (m)

Figure 6.3: River morphology and spatial vegetation pattern and age composition of single-pressure scenarios,
10 years after the start of the pressure in the year 2001 and in years 2050 and 2100. The blue scale shows the
detrended and normalized bed level. Indicated areas were clipped off to reduce influence of boundary effects
for calculation of spatial and temporal statistics. a) reference scenario, b) dry climate change scenario, c) extreme
climate change scenario, d) stable dam scenario and e) reversed dam scenario.
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Figure 6.4: a) Morphodynamic activity expressed as the sum of absolute bed level changes. b) Peak discharge
magnitude, calculated as the median of the 95th percentile of annual discharges per time interval indicated in
the legend. Error bars represent the 5th and 95th percentile ranges of the annual peak discharges within time
intervals.
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All scenario results show a large variation in width-depth ratio over time, which is due to
decadal trends in discharge rather than individual floods. More importantly, most scenarios
result in smaller width-depth ratios than the reference scenario (Figure 6.6c). The gradual effect of climate change in the combined dam scenarios is reflected in the trends in width-depth
ratios (Figure 6.6d). In general, climate change occurring in situations with dams results in a
further deviation of the width-depth ratio from the reference scenario. Only climatic drying
as a single pressure or in combination with a reversed flow regime causes the width-depth
ratio to increase for the majority of the final 50 years of the run, which can be attributed to
the total decreasing discharge.
The scenarios with dams and climate-induced increased extreme events result in incision
of the river by initially creating deeper and narrower channels. This may have multiple causes,
such as a changed flood regime and vegetation density changes that concentrate flow more
into channels. The width-depth ratio is also influenced by chute cut-offs, that create a steeper
gradient, lower water levels and subsequently a lower width-depth ratio. Chute cut-offs are
visible as large drops in sinuosity, indicative for large landscape rearrangements (Figure 6.6a
and 6.6b). The width-depth ratio in the reversed dam scenario is increasing over time, indicating that the river is developing towards wider and shallower channels. For the stable
dam scenario, the width-depth ratio remains relatively stable, indicating the channel cross
sectional shape is more in a dynamic equilibrium state.
Clearly, due to the multiple large-scale processes there is no simple straightforward relation
between discharge alteration and morphodynamic response due to the interaction of local
morphodynamics, major events and related vegetation response acting at different response
and adjustment timescales.
6.3.2 Vegetation cover and age distribution
Both dam operating regimes have large and acute effects on total riparian area and age distribution compared to the natural flow regime (Figures 6.3 and 6.5). Under the stable dam
flow regime, the total vegetated area initially declines for approximately 10 years before it
rapidly increases again and leads to ageing. Due to flow stabilisation, year-to-year variability
in seedling establishment decreases, leading to a smaller variation in settling between different years and ageing of vegetation. A reversed flow regime strongly reduces seedling establishment, followed by a massive total reduction of vegetated area when older trees die from
senescence, while no new riparian vegetation establishes. Not surprisingly, total vegetated
area under both climate change scenarios initially does not deviate much from the reference
scenario (Figures 6.3 and 6.5). Nevertheless, changes become apparent towards the end of the
simulated periods, when the climatic effects fully manifest in river discharge (Figure 6.5). The
area for seedlings is declining due to decreasing river discharge under a drier climate, while
under a climate scenario with increasing extremes a wider area becomes available for settling,
leading to increased seedling recruitment. For the scenarios combining dams with climate
change, we find that drying initially leads to increased aging and reduced seedling recruitment. However, extreme events can restore seedling recruitment, leading to a continuously
increasing vegetation cover in the stable flow regime and increased year-to-year variability
of seedlings in both dam operating regimes.
6.3.3 Vegetation colonisation and survival
In both dam scenarios the location for vegetation settlement shifts towards higher elevations on the floodplain (Figures 6.7c). Most survival under a reversed flow regime occurs on
higher bed level elevations, which is clearly controlled by the discharges during the winter
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Figure 6.5: Time series of vegetated surface area for age classes of riparian trees. The orange line indicates the
starting point of the pressures.

Figure 6.6: Time series of morphodynamic characteristics. Sinuosity of single-pressure scenarios (a) and
multiple-pressure scenarios (b). The arrows indicate examples of large chute cut-offs that rearrange the floodplain. c) and d): Channel incision and focus of flow on the fluvial plain represented by channel width-depth ratios
calculated as the median along the model grid for all ecological time steps in a year (see detailed description in
section 6.2.4).
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Figure 6.7: Conditions in which most riparian vegetation colonizes and survives. Maximum discharge during
the seed dispersal season for the single-pressure scenarios (a) and combined-pressure scenarios (b). Bed level
elevation where most vegetation colonizes for the single-pressure scenarios (c) and combined-pressure scenarios (d). Median discharge from moment of colonization until the end of the year for the single-pressure
scenarios (e) and the combined-pressure scenarios (f ). Bed level elevation where most vegetation survives for
the single-pressure scenarios (g) and the combined-pressure scenarios (h).

and summer (Figures 6.7e and 6.7g). Under a stable flow regime, the most suitable elevation
for survival deviates less from the reference scenario. Under decreasing discharge due to climatic drying, the location for vegetation settlement is shifting towards lower elevations on
the floodplain, while extremes cause an opposite trend (Figures 6.7c). This can be linked to
the discharges during the seed dispersal season (Figure 6.7a). The vegetated belt is a measure of morphodynamic confinement of vegetation on the floodplain. A larger vegetated belt
indicates that more bed level elevations are covered with vegetation. This is usually closely
linked to the wetted area of the floodplain, indicative of the area that is under direct influence of the river. Both dam scenarios initially result in a large decrease in the vegetated belt,
whereas the vegetated belt under a stable flow regime starts to recover after about 25 years.
Under the reversed flow regime, the decrease is very rapid, and there is no clear recovery over
time (Figure 6.8c). The total vegetated belt in the dry scenario does not deviate much from
the reference scenario, while the climate-enhanced extremes scenario results in a vegetated
belt extending further into the floodplain (Figure 6.8). The combination of climate change
and dams reveals interesting vegetation patterns: under the reversed dam scenario, climateenhanced extreme events show a smaller vegetated belt than the drier climate scenario for a
large period of time. Under the stable flow regime the climate scenarios remarkably result in
an opposite pattern (Figure 6.8d).
Thus, stabilized flow by dams causes shifts of vegetation to higher elevations and laterally
constrains development riparian trees, of which the effect is strongest, and thus most deteriorating, with reversed flow seasonality. Extreme events increase the vegetated belt and causes
a shift of vegetation towards higher elevations on the floodplain, drying gives an opposite effect by shifting vegetation towards lower elevations. The combination of the stable dam and
climatic drying shows the largest negative cumulative effects.
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Figure 6.8: Wetted area and bed level elevation range of the vegetated belt on the floodplain calculated in all
scenarios over time. Wetted area in single-pressure (a) and combined-pressure scenarios (b). Vegetated belt in
single-pressure (c) and combined-pressure scenarios (d).
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Figure 6.9: Habitat suitability and hydro-morphodynamic statistics in the reference scenario. a) Suitable habitat
area without population response, b) suitable habitat area taking temporal habitat stability requirements into
account (see methods section for further explanation), c) 5th percentile of the bed level, d) 25th percentile of
the bed level, e) 95th percentile of the discharge. See detailed description in section 6.2.4.
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Table 6.5: Suitable habitat of the reference scenario with and without population response.
Species
Macrophytes
Helophytes
Salmon
Pike
Hardwood
Grassland

HSI absolute (%)

HSI population response (%)

2.8
1.3
2.1
2.9
59
10

1.5
0.8
2.1
14
53
1.1

6.3.4 Habitat suitability
The reference scenario shows large areas with good habitat suitability (HSI > 0.5) for hardwood and grassland. For fish and wetland species the suitable area is smaller. However, when
habitat stability for vegetation types, and resilience for pike, is taken into account as additional requirement, the area with persistent suitable habitat changes considerably for all
species (Figure 6.9a, 6.9b and Table 6.5).
The suitable area for grassland declines, because parts of the habitat are not stable for a
sufficient number of years due to morphodynamic disturbances. The suitable area for macrophytes and helophytes declines as well, albeit less than for grassland. The suitable area for pike
has increased due to their ability to survive several years without spawning opportunity, and
- apparently – unsuitable conditions for spawning did not occur during more than 8 years in
a row.
The percentage of good habitat in the reference scenario of most riparian and aquatic
species, except grassland and hardwood forest, shows a similar periodicity as the lower areas
of the bed level (Figure 6.9c and Figure 6.9d). This indicates that channel depth is a major control for suitable habitat for riparian and aquatic species as opposed to the seasonally variable
water depth and flow velocity, which are the main input variables for the habitat suitability
models. However, there is no linear correlation between channel depth and habitat suitability
but rather an optimum curve: when the channel becomes too deep or too shallow, suitability
declines.
When habitat suitability in all scenarios is compared to the reference scenario we see distinct differences (Figure 6.10). A decreasing discharge under the dry scenario is bad for both
fish species and riparian vegetation, while all other vegetation groups seem to profit. Under
the extreme climate change scenario there is an initial peak in suitability for wetland vegetation, but eventually the suitable habitat area decreases to values below reference level. Riparian grassland and young hardwood, which are representatives for intermediate disturbed
conditions, benefit and the suitable area for salmon decreases. A striking result is that wetland vegetation strongly benefits from the reversed flow regime, while all other species, except hardwood forest are negatively affected, particularly both fish species. Under the stable
flow regime there is an initial peak in suitable habitat for salmon and wetland vegetation,
but eventually a decline. Grassland and hardwood forest benefit in the stable dam scenario,
while grassland is drastically reduced under a reversed flow regime. Combinations of dams
and climate change do not show uni-directional responses, in some cases habitat suitability
increases by drying or extreme events and in other cases it decreases.
To summarize the long-term ecological effects of all flow alteration regimes, we present a
matrix representing how the scenarios per species and species group relate to the reference
scenario (Figure 6.11). The results suggest that there are many adaptation time-scales as well
as trends with a certain periodicity, likely due to decadal trends in discharge, but regard121

Figure 6.10: Percentage of suitable habitat (HSI > 0.5) for all species and species groups as a fraction compared
to the reference scenario: values above one indicate higher suitability than the reference scenario. Softwood is
the cover of the interactively modelled Salicaceae species. See detailed description in section 6.2.4
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Figure 6.11: Graphic overview of long-term ecological effects of flow alteration regimes compared to the natural flow regime. Colours represent deviation from the natural flow regime, adjusted for population response,
with values higher than the reference scenario indicated in green and values lower than the reference scenario
in blue. Low colour saturation represents values deviating less than one quartile from values in the reference interval, while high colour saturation represents values with higher deviations. Values were calculated as median
values over the last interval (years 2067 to 2100).
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less, the climate change trends are most severe at the end of the simulation and therefore we
use the last interval (years 2067 to 2100) as an indicator of long-term effects. Figure 6.11
shows that the impacts of a reversed flow regime deviate most from the natural situation
for all species and species groups. Extreme events generate larger deviations from the reference scenario than a general drying trend, especially for the aquatic and wetland species.
The combination of a stable flow regime with additional drying causes several remarkable
changes when compared to both individual single-pressure scenarios, generating a positive
deviation for helophytes and negative deviations for pike and softwood.

6.4

Discussion

In the following sections we will discuss effects of flow alteration on bio-geomorphodynamic
processes and interactions. First we compare our model results to observations reported in
literature. Then we discuss the ecological effects of multiple flow alteration regimes based on
the main hydrodynamic drivers: decreased hydrodynamics, increased hydrodynamics and
mismatch between ecological processes and flow timing. We end with a reflection on the
novel insights emerging from this study and how these results can be of value for river basin
management and environmentally friendly dam operation.
6.4.1

Comparison between modelled and observed effects of flow alterations

Flow alteration by dams

The main hydrological effect of flow alteration by dams is an immediate redistribution of river
discharge over the year, expressed as a damped flow regime or even seasonally reversed flow.
Our modelling results show that damping of extreme flows by dams leads to reduced morphodynamic activity, channel incision, reduced seedling recruitment, ageing and decline of
riparian vegetation (Figures 6.4a, 6.6c, 6.6d and 6.5). This is in general agreement with many
field studies on geomorphological and vegetation response after dam construction in a variety of river systems (e.g. overviews in Williams and Wolman, 1984; Rood and Mahoney,
1990; Petts and Gurnell, 2005; Poff and Zimmerman, 2010). Incision is usually caused by
sediment starvation due to the capture of sediment upstream in the dam reservoir, limiting
the sediment load into the system while the river still has enough stream power left to erode
the bed behind the dam (Kondolf, 1997). Here we find similar but less severe far-field effects
with a reduction in total morphodynamic activity due to elimination of large discharge peaks
that account for a large proportion of the sediment transport within the river reach (Figure
6.4b). Moreover, since the variability of the flow is reduced, the area that is flooded, i.e. the
wetted area, declines (Figure 6.8a), which leads to persistent concentration of the flow over a
relatively smaller area and in turn bed degradation (Williams and Wolman, 1984). This process is correctly predicted by our model and shows that even without reducing the sediment
load into the system, channel incision occurs downstream of dams.
Under the reversed dam scenario wider, shallower channels develop over time, increasing
the width-depth ratio. This might be caused by a reduction of vegetation abundance and a
shift of vegetation towards higher floodplain elevations, together with an elimination of vegetation at lower floodplain elevations. This may lead to easier diffusion of the flow over the
floodplain. The stable dam scenario also shows a shift of vegetation survival towards higher
elevations on the floodplain, but does not eliminate all vegetation at lower floodplain elevations. Vegetation could therefore still cause flow concentration in the channel and therefore
better maintains the incised channel shape. Other studies show that a stabilized flow regime
with resulting lower morphodynamic activity creates less suitable areas for seedling estab123

lishment and higher mortality rates, which eventually leads to ageing vegetation (Rood and
Mahoney, 1995; Polzin and Rood, 2000; Dixon et al., 2012). We observe this effect clearly
in both dam scenarios, where the colonization peaks of seedlings are reduced, vegetation
abundance declines and the share of older vegetation increases (Figures 6.3 and 6.5). The
width of the vegetated belt initially decreases in both scenarios (Figure 6.8c). This implies
that vegetation on the floodplain is more confined, and the total extent of vegetation is becoming increasingly affected by flood or low flow events because there is less area to buffer
the change. Studies show that, when less area is prone to regular flooding, there is an increasing abundance of terrestrial species and vegetation encroachment towards the channel
(Williams and Wolman, 1984; Stromberg et al., 2010; Dolores Bejarano et al., 2011). These
responses are clearly reflected in our results (Figures 6.10 and 6.11).
Flow alteration by climate change

Flow alteration due to climate change is more gradual than the effect of dams. The two climate change scenarios give opposite results in terms of morphodynamic activity and riparian vegetation development. Climate change with a drying trend decreases morphodynamic
activity, while extreme events increase morphodynamic activity (Figure 6.4a). This is a direct effect of the gradually decreasing or increasing discharges in these scenarios. Extreme
events contribute to channel incision due to higher sediment transport rates in the channel, expressed by a lower width-depth ratio. Decreasing discharge initially creates narrower,
deeper channels, causing a reduction in width-depth ratio. Due to reduced discharge, water
levels decrease over time, leading to higher width-depth ratios (Figure 6.6c).
In the drying scenario, we observe a shift of vegetation towards lower elevations on the
floodplain. The width of the vegetated belt does not differ from the reference scenario but the
vegetation shows a decrease in vegetated area due to reduced seedling recruitment. Drying
causes narrower channels, an effect which might be strengthened by the downward shifting
vegetation. In agreement with literature (Garssen et al., 2014), we predict that the vegetation
composition is shifting from riparian species towards more terrestrial species.
Extreme events by climate change are expected to rearrange channel patterns and influence species abundance and distributions (Gibson et al., 2005; Poff et al., 2010; Death et al.,
2015). We find that increasing extreme events lead to a shift of increased seedling establishment at higher elevations, widening the vegetation belt and increasing its total abundance
(Figures 6.5 and 6.8c). Again, due to increased vegetation abundance across the whole lateral floodplain gradient, flow is focused more into the channels, leading to narrower, deeper
channels. Several other modelling studies have predicted similar shifts in vegetation elevation
ranges and belt sizes following increasing extremes due to climate change (Ström et al., 2012;
Mosner et al., 2015). However, these range and abundance shifts of vegetation are only possible if the floodplain gradient is not too steep and the valley is wide. Our modelling results
therefore suggest that such positive effects would be limited in rivers with narrow, confined
valleys. Although the study of Mosner et al. (2015) is performed in a more confined system,
they predict very heterogeneous responses, among others a decline in hardwood forest and
helophytes. Results from our extreme scenario also show the most heterogeneous results of
all single-pressure scenarios, including a decline in hardwood forest and helophytes due to
increased dynamics (Figure 6.11). Battin et al. (2007) concluded that Chinook salmon habitat
declines in the Pacific Northwest river basin are likely due to increased peak flows during egg
incubation. In our scenario, salmon habitat is declining due to increasing high flows during
spawning.
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6.4.2 Bio-geomorphodynamic effects of multiple flow alterations
Our model results show that flow alteration has two main consequences: it affects the magnitude and timing of morphodynamic processes and it affects the location and density of riparian vegetation development, which in turn determines the eco-engineering capacity within
the system. Both of these effects are interdependent and operate at different time-scales. Continuous bio-geomorphodynamic interactions create a heterogeneous and dynamic landscape
pattern that can be utilized by fluvial species. Habitat suitability of fluvial species depends on
their requirements which are linked to the morphological template of the river landscape
combined with the flow dynamics. For a sustainable population, habitat requirements have
to be met at critical moments in time. Our results show that the habitat suitability of several
aquatic and riparian species is tightly linked to the hydrological and morphological variability. Channel depth shows a similar variability as habitat suitability, albeit with a certain
optimum curve, meaning that very deep channels as well as very shallow channels reduce
habitat suitability for the species considered here (Figure 6.9). These dynamic changes in
channel pattern are caused by meander migrations and chute cut-offs, that locally alter channel depth (Figures 6.6a and 6.6b). The geomorphological template thus determines the biotic
composition of an ecosystem (e.g. Richter and Richter, 2000; Bunn and Arthington, 2002).
Cienciala and Pasternack (2017) state that the effects of flow alteration on the duration, frequency and magnitude of floodplain inundation are larger than river topography, but the
topography dictates the sensitivity to these changes. Indeed, our results confirm that in all
scenarios habitat suitability is affected in multiple ways by changes in river morphology (Figures 6.10 and 6.11). Simulating combined effects of climate change and dams allows us to
investigate how a gradual change after an acute flow alteration might strengthen or weaken
the bio-morphological response compared to the single disturbance. However, we do not
observe clear cumulative or decreasing morphodynamic trends when flow alteration scenarios are combined. This suggests that multiple flow alteration pressures render unexpected
hydro-morphodynamic results due to non-linear effects that are in turn reflected in the ecological response. In the sections below, the ecological effects of these combined pressures are
discussed based on three main hydrodynamic drivers.
Effect of decreasing hydrodynamics

We find that decreasing hydrodynamics due to less discharge variability, i.e. by dams, or gradually reducing water levels, i.e. by climatic drying, cause an increase of terrestrial species due
to a decline in wetted area (Figures 6.8a and 6.11). This leads to reduced connectivity between
channel and floodplain, which could negatively impact fish species (\ref )Gibson2005. We
did not take this into account in the habitat suitability assessment, but it is likely that there
will be an additional negative effect due to the isolation of floodplain lakes. In addition, results show that wetland species also benefit from reduced hydrodynamics due to the creation
of larger undisturbed habitats. When drying occurs in dammed systems, hydrodynamics are
even further reduced and ecological changes become more severe. When drying occurs in a
damped flow regime, the vegetation becomes more confined on the floodplain, while drying increases the vegetated belt in the scenario with reversed flow seasonality (Figure 6.8).
Drying has negative long-term consequences in dammed systems by reducing seedling recruitment, leading to aging and eventually a decline in riparian vegetation cover (Figures 6.5
and 6.11).
Effect of increasing extremes in high and low flow

We find that increased discharge variability, in our study reflected in the extreme events scenario, increases seedling recruitment. This creates more area that is available for vegetation
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settlement in both dam scenarios (Figures 6.5 and 6.11) due to gradually increasing discharges during the seed dispersal season (Figure 6.7b). However, the vegetated belt is reduced in the scenario with reversed flow seasonality, indicating that the vegetation becomes
more confined on the floodplain by hydro-morphodynamic pressures. The opposite pattern
is found in the stable dam scenario. Increasing hydrodynamics in dammed systems have little
additional effects on habitat area of fish, which is slightly reduced, and habitat area of wetland
species, which is slightly increased. There is, however, a decrease in terrestrial species, especially in combination with the reversed dam scenario. This is most likely due to the larger
variation in discharge in the reversed dam scenario plus relatively high morphodynamic activity, which negatively affects the long-term stability of the system necessary for hardwood
development. This shows that increasing dynamics decreases the window of opportunity for
terrestrial species.
Effect of flow mismatch

The model results demonstrate that timing of flow events relative to timing of critical lifehistory events has major effects, which is in general agreement with literature. Studies have
shown that species are affected differently based on the magnitude and direction of flow alteration during the timing of their critical life history events (Bunn and Arthington, 2002;
Gibson et al., 2005; Poff and Zimmerman, 2010; Death et al., 2015) and that synchrony between flow seasonality and seed dispersal timing is important for successful seedling establishment (Mahoney and Rood, 1998; Karrenberg et al., 2002). The scenario with reversed
flow seasonality shows the strongest deviation from the undisturbed conditions, thus can
be considered the most detrimental. Here, characteristic riparian vegetation is replaced by
terrestrial species, so there is a shift towards species groups that are less characteristic for
dynamic river environments. This is because the bed level elevation for seedling settlement
is low compared to the discharges during summer and winter and as a result it falls outside
the recruitment window. This causes high flooding mortality of the seedlings in lower areas
and reduced areal cover of riparian vegetation (Figures 6.7c, 6.7e and 6.7g). So, the reversed
flow seasonality leads to a larger mismatch than flow stabilization alone. In these systems,
riparian vegetation is not able to benefit from the increased wetted area caused by larger flow
variability since the mismatch is the dominant driver in determining the vegetation composition.
Model results show that several fluvial species are negatively affected by disrupted flow
seasonality, while others benefit. For wetland vegetation, which is an indicator for low dynamic conditions, habitat suitability increases, while for pike, which also prefers low dynamic
conditions, it decreases. This is because water depth combined with morphodynamic activity
are considered the limiting factors for the wetland species in this study, and a reversed flow
regime eliminates these limitations during the critical timing for these species in spring and
summer. Spawning of the pike takes place during late winter and early spring when the flow
is unnaturally low, reducing the suitable spawning area.
Riparian grassland is drastically reduced under a reversed flow regime. This is likely due
to the combination of a heavily incised river with a larger discharge variability, draining the
system quite rapidly in times of lower flows. Since we model riparian grassland adapted to
regular flooding, the conditions will often be too dry for this vegetation type. This shows
that the reversed flow regime creates conditions that limit the existence of a certain group
of species that is adapted to medium levels of inundation. Here, the lower floodplain areas
are not suitable because they are too frequently inundated, while the higher floodplain areas
are not suitable due to too little flooding. Habitat originally occupied by riparian grassland
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would than likely be replaced by mesic grasslands that prefer less frequently flooded areas
(Leyer, 2005). These results show that when the synchrony between critical life history events
of riparian species and the flow regime is disturbed, unexpected results can occur that may
differ between species that prefer similar habitat types.
6.4.3 Opportunities for management
In the future, dams will be needed for flood control, power generation and for securing water supplies (Petts and Gurnell, 2005). Therefore, many river systems will respond to flow
regimes imposed by dams combined with a climatic trend creating extremes in high and low
flows. Dams can be used to mitigate the effects of climate change by adjusting the discharge
regime (Muller, 2007), although this can sometimes lead to conflicts between required economic functions and in stream flow requirements (Payne et al., 2004). Intuitively, mitigating
climate change by adjusting dam operating regimes is only possible in case of water excess
where extreme high flows can be dampened by the dam. When the water supply is reduced
by a drying climate, a discrepancy occurs between water storage functions of the dam and
mimicking of natural flow regimes. The ecological effect of climate change alone is expected
to be smaller than the acute effect of dams (Mittal et al., 2015). However, in case of increased
intensity of high and low flows, we find that the aquatic and wetland species are more heavily affected than in a system with a stabilized flow regime. Nevertheless, climate change can
further decrease the resilience of ecosystems that are already under pressure (Palmer et al.,
2008; Staudt et al., 2013). Therefore, river managers could pro-actively evaluate trends in
discharges to estimate the direction of change in their river systems and take measures to
prevent further deterioration.
Our study is the first to investigate the long-term quantitative effects of combinations of
dams and climate change and reveals unexpected behaviour and trends. Results indicate that
complex interaction effects at different adaptive time-scales are at play and that the biogeomorphological state of the system, i.e. the river topography combined with vegetation
pattern, strongly influences temporal morphodynamics. This indicates that it might be too
simplistic to sum up effects of single-pressure flow alteration scenarios, since the system is
continuously adapting to new circumstances which can give unexpected results. Simplistic
conceptual and rule-based models therefore likely miss-predict long-term consequences of
changing flow regimes originating from multiple sources. Based on the insights from this
study, we formulate several propositions and possible consequences for river managers aiming to cope with climate change in dammed systems.
1. Larger, heterogeneous floodplains are necessary for the ecosystem to cope with extreme
discharges and to benefit from increased dynamics.
Dams alter river morphodynamics, which spatially constrains fluvial species. This decreases the buffer capacity of the system, meaning that the system provides fewer suitable
conditions for certain species or functional groups in the riparian zone. Buffer capacity is
therefore strongly linked to landscape heterogeneity. The negative effect of decreased buffer
capacity was recognized in dam-impaired systems (Palmer et al., 2008). We show that increased extreme events can rejuvenate riparian vegetation on wider floodplains, e.g. in lowland rivers, but this effect is limited in valley-confined rivers. Floodplain widening will also
better protect against flooding of human structures, since they can store and discharge more
water.
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2. Successful restoration and climate change mitigation may be achievable by modified
flow event timing and flow magnitude in dam operating scenarios that accommodate habitat
requirements of chosen key-species.
Our results show that increased high floods can rejuvenate riparian vegetation downstream of a dam, but this measure will be more effective in a system when there is still a
natural seasonality. In a reversed-seasonality flow regime, seedling recruitment will not be
successful because the synchrony between seed dispersal timing and high flows is disrupted,
which is the dominant factor in determining the riparian vegetation structure. Therefore,
particularly aspects of seasonality in the habitat requirements of the main species groups or
key species have to be accommodated (Lytle and Poff, 2004). Designing new dam operating regimes that more resemble the natural flow regime could potentially be ecologically,
socially and commercially beneficial (Richter and Thomas, 2007). However, optimal conditions sometimes conflict between species, so managers will need advice which species to
choose for which the system will be optimized and how a new flow regime can be designed
without jeopardizing the main functions for which the dam was built in the first place.
3. In order to evaluate long-term effects of flow alterations by single- or multiple flow alteration pressures, geo-morphodynamic interactions need to be coupled to habitat suitability
models.
Our modelled river system clearly exhibits a morphodynamic signature in the changing
habitat suitability with a 27 years periodicity. This period depends on multiple interacting
elements that influence river pattern dynamics, e.g. vegetation development, stream power
and sediment type that act on different time-scales and influence river migration and chute
cut-offs. These long time-scales must be taken into account in assessments of habitat restoration success and models such as ours are valuable heuristic tools to assess long-term effects
of flow alteration on dynamic interactions between vegetation and hydro-morphodynamics
at such long ecological time-scales. While climate change predictions include many uncertainties (Murphy et al., 2004) and our dam operating scenarios represent extreme situations,
this study investigated a range of fluvial species across the floodplain gradient, so that the
results hint at possible flow regimes in dammed rivers that are beneficial for developing a
more diverse and resilient ecosystem.

6.5 Conclusions
Flow alteration affects morphodynamic processes and interdependent riparian vegetation
development by changing the magnitude, timing and spatial distribution of discharges. As
a result, landscape patterns and their dynamics are rearranged, which affects the amount of
suitable habitat for fluvial species.
Landscape patterns change as follows. Acute flow stabilization creates channel incision,
even if upstream sediment supply is not reduced, which directly reduces and limits seedling
recruitment of riparian vegetation spatially. This causes ageing of the riparian corridor and
increased succession towards terrestrial species. The vegetated belt narrows by desiccation
on the higher parts of the floodplain and morphodynamic activity and flooding on the lower
parts of the floodplain, which reduces the resilience of the riparian corridor. On the other
hand, a gradual flow alteration with increasing high flows and low flows seems to be beneficial under unconfined conditions by shifting and increasing the riparian vegetation belt
higher up the floodplain. A gradual drying trend shows a slight decrease in riparian vegeta128

tion recruitment and a shift towards lower elevations on the floodplain, exposing vegetation
to greater risk by mortality due to extreme events.
Changing dynamics of altered flow, particularly the shift in timing of the flows linked to
the critical life history events, strongly affect the magnitude of the response of fluvial species.
An acute flow alteration with reversed flow seasonality appeared to be the most detrimental
scenario. This acutely disrupts the synchrony of vital life history processes and flows necessary to meet habitat requirements. For riparian vegetation, this leads to a mismatch between
seed dispersal timing and optimal hydrological conditions for survival, resulting in a total
decline of the riparian vegetation cover. Also, the synchrony between the timing of spawning and egg incubation of pike and salmon and resulting habitat is disrupted, leading to a
decline of both fish species. On the other hand, wetland species for which prolonged water
availability is the most limiting factor during their growth season, thrive in these changed
conditions.
Combinations of acute flow alteration by dams and gradual alteration by climate change
do not have straightforward and uni-directional effects on species. Some species exhibit the
trends of gradual climatic change whereas other species show acute effects of the dams or
combinations. The effects of flow alteration can therefore not be extrapolated to riparian
vegetation and habitat suitability of fluvial species by simply adding up effects of isolated
flow alteration scenarios. One important reason is that dynamic bio-geomorphological interactions with multiple adaptation time-scales determine river morphology and as a result
cause changes in timing, magnitude and frequency of flooding and drought events which in
turn affect habitat suitability.
Our results show that climate change sometimes further deteriorate the hydro-morphodynamic and ecological state of dammed systems. In other cases climate change can counterbalance the impact of flow alterations by dams, and adverse climatic trends can potentially
be mitigated. This offers interesting opportunities to study how dam operating regimes can
be adapted to mitigate effects of climate change.
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Chapter 7
Restoring natural flow regimes in dam impaired systems:
eco-morphodynamic effects and recovery times
Reservoir dams affect the natural flow regime by altering the magnitude, timing and frequency
of high and low flows. Many river ecosystems impaired by these dams are currently being restored. Restoration success is difficult to quantify and is often assessed by comparing the restored system to an unimpaired static ‘reference’ system. However, restoring a river to past
environmental conditions and assessing restoration success by comparing it to a static situation, neglects natural system dynamics and non-linear, adaptive system responses. With this
study we evaluate long-term changes in river morphology, morphodynamics, riparian vegetation cover and habitat suitability of fluvial species after restoration of the natural flow regime.
We assessed restoration effect of systems impaired by two different dam operating regimes
and three different pressure durations, by comparing these to dynamic reference conditions.
Results show that recovery potential depends on the magnitude of the pressure and timing of
the restoration, rather than the duration of the pressure. Even if recovery times are short, the future state of the restored system can continue to deviate from reference conditions, and the system can develop into an alternative dynamic equilibrium where natural recovery to reference
conditions becomes increasingly difficult. These results stress the importance of considering
natural variability in the restored system as well as in the reference system, requiring detailed
spatio-temporal monitoring to assess restoration effects.

Unsubmitted manuscript: Van Oorschot, M., Kleinhans, M. G., Geerling, G. W, Middelkoop, H. Restoring natural flow regimes in dam impaired systems: eco-morphodynamic effects and recovery times.
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7.1 Introduction
Natural flow dynamics are important to maintain a bio-diverse fluvial system (Naiman and
Decamps, 1997). The flood pulse determines the frequency and magnitude of overbank flooding and is the main driving force behind the productivity, creation of suitable habitats and
interactions between hydro-morphodynamic processes and fluvial species (Junk et al., 1989;
Tockner et al., 2000). It dictates the connectivity between the main channel and floodplain
that is important for movement of fish and macro-invertebrates to complete their life-cycles
(Rolls et al., 2012).
Many river systems have been impaired by humans, and flow regimes have been significantly altered from their natural state in order to protect people against flooding, create
electricity, promote navigation or to preserve water supplies (Nilsson et al., 2005). Tockner and Stanford (2002) found that in Europa and North-America, 90% of the floodplains
have already lost their natural functions and interactions. Reservoir dams affect the magnitude, timing and duration of high and low flows, which in turn may dramatically alter river
hydro-morphodynamics and associated habitat suitability of species depending on natural
flow dynamics (Clarke et al., 2008; Poff et al., 2010).
Public awareness on the poor status of our rivers and floodplains has grown in the last
decade, and large-scale restoration guidelines, plans and projects have been initiated worldwide. One of the most elaborate guidelines is the EU Water Framework Directive (WFD).
This directive aims to improve chemical, ecological and hydro-morphodynamic quality of
river systems to preserve aquatic ecology, valuable habitats and socio-economic values of
natural water resources (WFD, 2000). Currently, many river restoration projects are carried
out across Europe to improve the quality of our river systems and to meet the requirements
for the WFD. The current state of water bodies is assessed by comparing it to an ‘unimpaired’
or ‘reference’ system. However, assessing ecological quality of a system is mostly based on
comparison to a ‘static’ reference condition. This approach has been increasingly criticized
because it does not consider internal system dynamics. Hence, it becomes difficult to make
a distinction between system changes due to human impact and natural variability inherent
to the system (Bouleau and Pont, 2015). Furthermore, river hydro-morphodynamics and
eco-engineering vegetation change dynamically over time in a non-linear way with multiple
interactive adaptation scales (chapters 2 and 6). Due to these effects, simply restoring the past
environmental boundary conditions of a river system, in order to restore a river system to
a desired reference ‘state’ is not straightforward, and often impossible (Dufour and Piegay,
2009).
With this study we want to gain understanding of how river hydro-morphodynamics and
ecology may evolve in response to restoring the natural flow regime in a system where the
flow regime was previously modified by reservoir dam operating regimes. We evaluate whether
and to what extent hydro-morphodynamic and ecological conditions along a river stretch
can be restored to values within the dynamic equilibrium range of the reference state, and
how long that takes. Additionally, we assess whether the magnitude and duration of the antecedent pressure influences the restoration success and if there are hysteresis effects or irreversible changes that hamper restoration.
An eco-morphodynamic model including the dynamic interaction between hydro-morphodynamic processes and riparian vegetation was used to evaluate long-term changes in river
morphology, morphodynamics and riparian vegetation cover. Ecological response was further assessed by transferring the model output to ecological response models of fish and wetland vegetation in order to calculate habitat suitability of these species. The effect of restoration from two types of flow alterations caused by dams was studied with one scenario with a
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Ref1
(10yrs)

Ref2
(50 yrs)
1) Q before pressure
(100 yrs)

3) Q after pressure (180 yrs)
Ref3
(100 yrs)

2) Q during pressure (10, 50 or 100 yrs)

Figure 7.1: Schematic representation of the construction of the hydrographs for the three reference scenarios,
starting with a similar discharge sequence, followed by discharge sequences of three different time intervals
corresponding to the three pressure durations and ending again with a similar sequence of discharges from
the point of restoration onwards.

dampened flow regime and one scenario with dampened flow regime plus reversed flow seasonality. The effect was evaluated for three different durations of this preceding pressure. To
eliminate the effect of natural variability, all scenarios were compared to reference scenarios
with a similar sequence of natural discharges from the moment of restoration onwards.

7.2

Methods

7.2.1 Eco-morphodynamic model and scenarios
The eco-morphodynamic model, initial model settings and parametrization of hydro-morphodynamic model parameters and vegetation parameters were similar to those described in
chapter 6. Six restoration scenarios were designed by restoring the altered flow conditions
of the two dam scenarios (chapter 6, Table 7.1). These scenarios included the effects of: 1) a
dam operating regime containing a dampened flow regime, i.e. stable flow scenario and 2) a
dam operating regime with dampened flow and reversed flow seasonality, i.e. reversed flow
scenario.
To test the effect of pressure duration, three different time frames of the imposed pressure
were tested per dam scenario before restoring the natural flow regime: 10 year, 50 years and
100 years (Figure 7.2, Table 7.1). After that period, the natural flow regime was restored for
an additional 180 years. To compare the results from the pressure scenarios to reference conditions after restoration, we created one reference scenario per pressure duration. These scenarios contained a similar sequence of discharges from the moment of restored flow regime
onwards (Figure 7.1). Each scenario is composed of the following sequence of discharge time
series: 1) a 100-year period of natural discharges, which is the same in all scenarios, 2) a period of altered discharges due to the dam release scheme for a period of 10, 50 or 100 years
and 3) a 180-year period of restored natural discharges, which is the same for all scenarios.
All reference scenarios therefore have different simulation times, i.e. 290 years for the 10-year
reference run, 330 for the 50-year reference run and 380 years for the 100-year reference run.
In this way, we fairly compare the results of the three pressure durations since we excluded
the effect of inter-annual and intra-annual discharge variation. Still, a second effect of the
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Table 7.1: Restoration scenarios.
Scenario

10 yr

50 yr

100 yr

Reference

Ref10

Ref50

Ref100

Dam stable

S10

S50

S100

Dam reversed

R10

R50

R100

600

Reference

Stable dam

Reversed dam

Dam built/removed
10 yrs

400
200
95

100

105

110

115

120

600
50 yrs

Q(m3/s)

0
90

400
200
0
90

95

100

105

110

115

120

125

130

135

140

145

150

155

160

100 yrs

600
400
200
0
90

100

110

120

130

140

150
Time (yrs)

160

170

180

190

200

210

Figure 7.2: Hydrographs for the stable dam and reversed dam for three different pressure durations compared
to the reference discharge. For optimal visualization only 10 years after restoration are shown in the figure. The
time frame after recovery is 180 years for all scenarios, independent of the pressure duration.

different pressure durations is that the resulting eco-morphological condition that forms the
initial condition for the state of restored flow is different among the scenarios.
For all scenarios, only the upstream discharge boundary was adjusted. All other settings,
including sediment concentration and parameters for vegetation remained unchanged. With
this method, we assume the dam was constructed so far upstream that the river is able to
pick up sufficient sediment downstream of the dam so that the sediment balance remains in
equilibrium with flow transport conditions. This means that when the river is restored, the
flow does not have to remove the bulk of sediment that was left in the reservoir or heavily
incised areas just below the dam.
7.2.2 Habitat suitability models
Four aquatic species were selected to evaluate the ecological response to river restoration:
macrophytes, helophytes, Atlantic salmon (spawning and egg incubation), and pike (spawning). These species do not operate as ecosystem-engineers in the fluvial system, and thus
do not interact with the bio-morphological processes that build their habitats. Their occurrence is ‘facilitated’ by the habitat conditions resulting from the bio-morphological processes. For each species, habitat suitability models were established in the spatial analysis tool
HABITAT (Haasnoot and van de Wolfshaar, 2009). Relevant annual hydro-morphological
statistics, serving as input for the habitat suitability models, were calculated after the eco134

hydromorphodynamic model simulations were completed. We used the population response
data, that takes historical habitat stability and population dynamics into account, for subsequent analysis. For detailed model assumptions, parametrization and calculation of hydromorphodynamic statistics see chapter 6.
7.2.3 Response analysis
To compare the flow alteration scenarios to their reference scenarios, we considered a dynamic equilibrium for the hydro-morphodynamics and habitat suitability for all species of
the reference scenario. We defined this dynamic equilibrium by calculating the reference
quartiles of the evaluated variables over a moving window of 10 years. This filters out the effect of single floods and large inter-annual variations. For the response and recovery analyses,
three different hydro-morphodynamic variables and one ecological variable were selected
with different adaptation times: i) sediment transport rate, calculated as the 95th percentile
of sediment transport as a parameter directly responding to changes in discharge, ii) channel
depth, expressed as the 5th percentile of the bed level as a variable with a longer response time
and dynamic conditions with a longer periodicity, iii) sinuosity as an overarching variable
without clear periodicity that is determined by meander migration and chute cut-offs, and
iv) habitat suitability for each fluvial species (riparian trees and facilitated fluvial species).
To evaluate and compare the effect of the altered flow pressure of the dams to the situation
after restoring the natural flow regime, four criteria were determined that represent different
effects on ecology and hydro-morphodynamics:

1. Pressure effect, calculated as the median values of model output variables during the
period of altered flow divided by the median values under the natural reference flow
regime in the same time interval. Values smaller than 1 indicate lower values in the
disturbed state than in the undisturbed reference.
2. Restoration effect. This was calculated in a similar way as the pressure effect, but now
calculated as the difference between the median values over the 180 years after restoring the natural flow regime of the pressure scenarios, divided by median reference
values in the same time interval.
3. Recovery time. This was calculated as the number of years needed for the variables
to return from their values under the pressure situation to values falling within the
quartiles of the dynamic equilibrium range under the reference conditions. The reference and pressure values of the variables were calculated using a moving window of
10 years.
4. Recovery instability. This is the percentage of years during which the values deviate
more than the quartiles of the dynamic reference equilibrium during the 180 years after restoration. Higher values indicate that after restoration the variables deviate more
from the undisturbed reference conditions.
To evaluate to what extent hysteresis effects occurred in the scenarios the ecological deviation from the reference was plotted against the morphological deviation from the reference (Figure 7.3). This gives insight in the magnitude and hysteresis pathways of individual
(straight arrows) and interacting ecological and hydro-morphological processes (oblique arrows) during pressure and recovery compared to the reference situation.
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Figure 7.3: Concept figure explaining the set-up and interpretation of the hysteresis figures. On the horizontal
axes the morphological deviation from the reference is depicted where values plotting on the left side are lower
than the reference and values plotting on the right side are higher than the reference. This is similar for ecological deviation from the reference in the vertical direction. The square box represents a reference state where both
hydro-morphodynamics and ecology are within reference conditions. The dashed line is the dynamic equilibrium around the reference conditions calculated as the reference quartiles for ecological and morphological
variables over the whole simulation. The figure shows three examples of typical hysteresis loops. The lines are
drawn between values calculated as the 10-year moving average of the median annual values. The closed circle
is the starting point of the pressure, the ‘+’ is the moment of restoration and ‘x’ is the end of the simulation. 1)
a situation where the morphological and the ecological deviation is large during pressure, but after restoration
there is a fast response towards values within the dynamic reference equilibrium, 2) a large deviation in hydromorphodynamic conditions with a small ecological effect, 3) a deviation in both hydro-morphodynamics and
ecology resulting in an alternative dynamic equilibrium state outside reference conditions.

7.3 Results
7.3.1 Hydro-morphodynamic recovery
All scenarios show a clear deviation in sediment transport, channel depth and sinuosity from
the reference scenarios during the time of the pressure (Figure 7.4). Results for sediment
transport are contrasting for both dam operating scenarios, showing initially higher transport and subsequent stabilization for the stable dam scenario, whereas the transport in the
reversed dam scenario is consistently lower and more stable throughout the pressure duration. The channel depth is increasing during the pressure in the dam scenarios as well as in
the reference scenario. This increase is constant and rapid in the stable dam scenario and
irregular in the reversed dam scenario. The sinuosity shows an irregular pattern during the
pressure in the stable dam scenario, due to river migration and chute cut-offs, while the sinuosity remains relatively stable in the reversed scenario due to decreased dynamics and the
development of wider and shallower channels (shown in chapter 6).
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Figure 7.4: Temporal statistics for sediment transport (left panels), channel depth (middle panels) and sinuosity
(right panels) of runs with 100-year pressure duration. a) reference run, b) stable dam scenario, c) reversed dam
scenario. Median data are shown for annual values and for values smoothed over 10 years to remove effects
of individual floods and to show the general trend. The blue lines indicate reference quartiles calculated as a
10-year moving average.
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After restoring the natural flow regime, sediment transport quickly recovers to values
within the range of the natural dynamic equilibrium in both scenarios within 5 years (Figure
7.4, left panels and Table 7.2). However, channel depth shows a deviating trend after restoration for both dam scenarios compared to the reference situation (Figure 7.4, middle panels).
In the stable dam scenario channel depth still falls in a similar range of values as the reference scenario, albeit with larger declining trend than the reference. The pressure scenario still
shows an increasing trend after recovery of the natural flow regime, while the reference situation shows a decreasing trend. During the pressure, there is also a steadily increasing trend,
while the reference scenarios shows more gradual variations. For the reversed dam scenario,
channel depth is increasing to values higher than the reference scenario after recovery of the
natural flow regime. Although values fall in within the dynamic reference conditions after
recovery of the natural flow regime without a recovery period, there is a clear lag effect where
channels become increasingly shallower and continuously stay shallower than the reference
(Figure 7.4). This shows that conditions after restoration can be very different from reference
conditions, while general statistics such as the recovery time and median differences between
pressure and recovery periods suggest that conditions are well within reference conditions.
For sinuosity, we find a similar irregular pattern for both scenarios after recovery (Figure
7.4, right panels). However, sinuosity naturally follows an irregular pattern that is difficult to
compare directly among scenarios.
Results suggest that the temporal development of river morphodynamics highly depends
on the initial conditions at the moment the recovered flow regime starts. For the reversed
dam scenario for instance, channel depth deviated more from the reference scenario during
the pressure, and this could indicate a longer adaptation period, or even that the river ends
up in another dynamic equilibrium state. This effect however is not reflected in the recovery
time and median differences compared to the reference, but is only shown by high values for
recovery stability (Table 7.2).
When the trend of the pressure scenario at the start of the restoration is opposite to the
trend in the reference, which is the case for instance in the channel depth of the stable dam
scenario (Figure 7.4, middle graph), the recovery time is larger. Similar results are found for
pressure durations of 10 and 50 years. This shows that even a short disturbance could already
initiate a disruption that modifies the whole trend in hydro-morphodynamics, generating a
deviation from the reference and longer recovery times towards reference conditions. However, when the total inter-annual variation in the pressure scenarios, i.e. light grey line as
opposed to black line in figure 7.4, is considered, recovery times to values within the reference quartiles are generally shorter. This shows that average conditions of the pressure runs,
i.e. values over the 10 year moving window, give different recovery times than when natural
variation is taken into account.
The recovery times of sediment transport and channel depth are generally short (Table
7.2). Recovery time does not seem to be linked to the magnitude and duration of the pressure. There are some outliers with long recovery time, but these are caused by the initial
conditions before restoration being different from the reference at that point in time. These
long recovery times only indicate that it takes a long time to reach the boundaries of the
reference conditions, but do not necessarily coincide with large median deviations from the
reference during the recovery interval.
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Table 7.2: Values for hydromorphological recovery for sediment transport, bed level and sinuosity for all scenarios. Pressure and restoration effects are the median deviations from reference
conditions, recovery time is the time needed to reach dynamic equilibrium conditions and recovery instability is a measure for the deviation from the reference after recovery.
Pressure
effect

Recovery
time (yr)

Restoration
effect

Recovery
instability
(%)

S1
S2
S3
R1
R2
R3

0.18
0.23
0.23
1.28
1.44
1.21

4
4
4
0
2
0

1.06
1.05
0.99
1.08
0.99
1.01

56
31
29
49
27
22

Bed level

S1
S2
S3
R1
R2
R3

0.97
0.87
0.92
0.92
0.95
1.00

0
5
11
0
54
0

0.93
0.98
1.08
0.96
1.00
1.00

69
71
88
75
81
78

Sinuosity

S1
S2
S3
R1
R2
R3

0.97
0.95
0.99
0.94
0.94
0.98

0
2
0
5
20
0

0.98
0.98
0.86
0.98
1.01
0.92

67
47
75
61
46
52

Parameter

Scenario

Sediment transport

7.3.2 Ecological recovery
Both dam operating regimes have a negative effect on riparian tree cover (see chapter 6).
After restoring the natural flow regime, riparian trees recover rapidly, i.e. within 11 years, to
values within the dynamic equilibrium of the reference (Figure 7.5). Although the trends of
the pressure and reference scenario show differences, the values do not differ by more than
10 % and stay close to reference conditions. This shows that in the restored scenarios, riparian
pioneer trees are able to recover rapidly when the natural flow regime is restored. A similar
rapid recovery occurs for both fish species (e.g. salmon in Figure 7.7), but the response of
wetland species is more variable (e.g. helophytes in Figure 7.6). For the wetland species the
recovery time is overall longer for the reversed dam scenario (Table 7.3). Helophytes show the
strongest response to the pressure and recovery for the reversed dam flow regime (Figure 7.6).
In the 50-year and 100-year pressure duration runs, they even seem to find a new dynamic
equilibrium after recovery; after the 50-year pressure duration, the habitat suitability is higher
than the reference, whereas it is lower after a 100-year pressure duration. This suggests that
in some cases, both the intensity of the pressure and the timing of the restoration could cause
an alternative dynamic equilibrium after restoration. Similar to the hydro-morphodynamics,
the pressure duration does not seem to affect the recovery time and the restoration effect.
7.3.3 Recovery pathways
Habitat suitability of fluvial species depends on hydrology and on the river shape, for which
channel depth can serve as a proxy. In this study, the flow regime is the primary driver that
was altered by the dam and then by restoring the natural flow regime, while the river shape
is the longer-term consequence of the hydro-morphological interactions in response to the
flow changes. The interactions may in turn also affect the pathway of restoration after the
period of disturbed flow, leading to hysteresis in the disturbance-recovery response.
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Figure 7.5: Temporal softwood development expressed as the percentage of vegetated cells for a) reference
run, b) stable dam scenario, c) reversed dam scenario for three different pressure durations. Median data are
shown for annual values and for values smoothed over 10 years to remove effects of individual floods and to
show the general trend. The blue lines indicate the quartiles of the reference scenario over a moving 10-year
interval.
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Figure 7.6: Temporal habitat suitability of helophytes expressed as percentage of habitat suitability higher than
0.5 for a) reference run, b) stable dam scenario, c) reversed dam scenario for three different pressure durations.
Median data are shown for annual values and for values smoothed over 10 years to remove effects of individual
floods and to show the general trend. The blue lines indicate the quartiles of the reference scenario over a
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but are cut off for visualization purposes.
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Figure 7.7: Temporal habitat suitability of salmon expressed as percentage of habitat suitability higher than
0.5 for a) reference run, b) stable dam scenario, c) reversed dam scenario for three different pressure durations.
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Table 7.3: Values for ecological recovery for all scenarios and all species. Pressure and restoration
effects are the median deviations from reference conditions, recovery time is the time needed to
reach dynamic equilibrium conditions and recovery instability is a measure for the deviation from
the reference after recovery.
Species

Scenario

Pressure effect

Recovery time (yr)

Restoration effect

Recovery instability (%)

Softwood

S1
S2
S3
R1
R2
R3

0.96
0.76
0.73
0.62
0.36
0.26

0
4
15
3
10
3

1.08
0.99
1.11
0.92
0.97
1.04

42
23
37
20
22
36

Macrophytes

S1
S2
S3
R1
R2
R3

0.97
1.05
0.95
3.93
2.51
2.79

16
0
0
5
13
7

1.13
1.07
0.91
1.08
1.43
0.69

54
62
27
39
70
51

Helophytes

S1
S2
S3
R1
R2
R3

0.82
1.25
1.12
8.41
7.24
7.49

0
0
16
6
13
6

1.26
0.92
0.74
1.21
1.61
0.60

64
62
49
52
93
78

Salmon

S1
S2
S3
R1
R2
R3

1.38
0.51
0.53
0.00
0.00
0.00

0
0
0
0
2
0

0.92
0.91
1.08
1.01
0.82
1.21

12
16
17
15
18
35

Pike

S1
S2
S3
R1
R2
R3

0.98
0.77
0.70
0.80
0.07
0.08

0
15
14
15
17
10

0.92
0.94
1.14
0.90
0.87
1.17

62
44
38
56
52
73

Results show a clear effect of different pressure durations on riparian vegetation by increasing ecological segregation between the pressured state and the recovering state when
pressure duration is longer (Figure 7.8). In the scenarios with a 50-year and 100-year pressure duration, a clear response loop is visible for riparian vegetation during the period of
pressure that generally illustrates initially deteriorating conditions during the pressure linked
to lower channel depth. Via several shifting states, the loop is advancing towards ecological
reference values after the natural flow regime was restored. This indicates a partial recovery effect and shows the non-linear relation between channel depth and riparian vegetation.
Also during recovery, there are loops in the data, although they are less pronounced and
overlap within the reference space. Interestingly, in the 50-year and 100-year reversed dam
scenario the morphological state shows an opposite morphological response after recovery.
In the 50-year pressure duration scenario, the channels remains deep, while in the 100-year
pressure duration, the channels are shallower. This is caused by the moment of recovery,
which showed deeper channels after 50-years then 100-years (data and figures in chapter
6). This confirms the inference made above, that the moment of restoration is important in
determining the system state after restoration.
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Figure 7.8: The pressure and recovery pathway for riparian trees plotted as the morphological (5P bed level)
versus the ecological deviation from reference conditions for three different pressure durations. The coloured
lines represent time during pressure in gray-blue and time during restoration in yellow-green. Note that the
axes are logarithmic. For detailed explanation and symbols see Figure 7.3.

The increasing segregation during pressure is also found for other fluvial species and most
clearly in the reversed dam scenario (Figures 7.9 and 7.10). For wetland species we find similar behaviour: lower bed level values during the pressure are linked to higher habitat suitability values, for both fish species there is an opposite trend with lower habitat suitability values. The recovery loops are less clear due to the large spread in data, leading to non-coherent
paths. This might be caused by the fact that for fluvial species the absolute habitat suitability
was calculated via post-processing and is therefore more directly linked to boundary conditions in bed level, which could cause a more scattered pattern. This means there is no strong
evolving pattern that depends on historical conditions, which is the case for riparian vegetation. Still, for helophytes, macrphoytes and pike, the population response was taken into
account and therefore a certain amount of historical information (i.e. the habitat suitability during preceding years) was included. For salmon no historical information was taken
into account since it is a migratory species of which the abundance does not depend on the
preceding year, and this translates into fast ecological recovery times and high recovery stability (Table 7.3). The alternative stable states, shown in figures 7.4, 7.6 and Table 7.3, become
clearly apparent in the hysteresis loops for helophytes, and to a lesser extent for macrophytes
during the 50-year pressure scenarios and for pike in the reversed dam scenario with 100-year
pressure duration. Overall, the ecological and morphological deterioration is more severe in
the reversed dam scenario, showing large deviations from reference conditions for all fluvial
species.
Recovery pathways of sinuosity and sediment transport as the morphodynamic proxies
give different results than channel depth (Figures 7.11 and 7.12). For sinuosity, most values
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Figure 7.9: The pressure and recovery pathway for the habitat suitability of all fluvial species in the stable dam
scenario plotted as the morphological versus the ecological deviation from reference conditions for three different pressure durations (10, 50 and 100 years from left to right). The coloured lines represent time during
pressure in grey-blue and time during restoration in yellow-green. Note that the axes are logarithmic. Mafy =
macrophytes, Hefy = helophytes, Sal = Salmon, p = pressure, r = reference. For detailed explanation and symbols
see Figure 7.3.
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Figure 7.10: The pressure and recovery pathway for the habitat suitability of all fluvial species in the reversed
dam scenario plotted as the morphological versus the ecological deviation from reference conditions for three
different pressure durations (10, 50 and 100 years from left to right). The coloured lines represent time during
pressure in grey-blue and time during restoration in yellow-green. Note that the axes are logarithmic. Mafy =
macrophytes, Hefy = helophytes, Sal = Salmon, p = pressure, r = reference. For detailed explanation and symbols
see Figure 7.3.
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Figure 7.11: The pressure and recovery pathway for riparian trees plotted as the morphological (sinuosity) versus the ecological deviation from reference conditions for three different pressure durations. The coloured lines
represent time during pressure in grey-blue and time during restoration in yellow-green. Note that the axes are
logarithmic. For detailed explanation and symbols see Figure 7.3.

during pressure and recovery stay within or close to the boundaries of the reference (Figure
7.11). This is due to the relatively large natural variation in sinuosity, which is characterized by
periodic chute cutoffs and meander migration, which causes a large spread in the data. This
shows that sinuosity is not clearly related to ecological response. In contrast, there is a strong
response in sediment transport during the pressure and a fast recovery during restoration
(Figure 7.12). This is because sediment transport is an immediate responder to changes in
flow regime.
These results show that impaired systems follow different pathways than restored systems
and also restored pathways differ, depending on initial conditions at the start of the restoration. In all scenarios there is an ‘overshoot’ response during the pressure, which means that
there is an immediate large response, followed by a relatively fast rebound. The loop during
pressure is clearly visible and shows different ecological adaptation pathways that are less visible during recovery. For riparian trees, we find clear hysteresis loops during pressure. For the
habitat suitability of fluvial species the patterns are more scattered, which is due to the limited
dependence on historical conditions and the absence of direct interactions with river dynamics. Here, the species without historical dependence, i.e. the Atlantic salmon shows the most
scattered response pattern, while the pike, of which the response depends on 8 antecedent
years, shows the smoothest response. In some cases, alternative stable states are shown after
recovery, which indicates a deterioration of their habitat beyond reference conditions.
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Figure 7.12: The pressure and recovery pathway for riparian trees plotted as the morphological (95P sediment
transport) versus the ecological deviation from reference conditions for three different pressure durations. The
coloured lines represent time during pressure in grey-blue and time during restoration in yellow-green. Note
that the axes are logarithmic. For detailed explanation and symbols see Figure 7.3.

7.4 Discussion
7.4.1 Ecological and hydro-morphodynamic recovery
Studies on dam removal show an increase in biodiversity (Bednarek, 2001), but also a complex sequence of physical, chemical and ecological changes (Bushaw-Newton et al., 2003).
Little is known on how long it takes before biodiversity is restored to natural conditions after
the pressure of the dam is removed, since much river restoration projects do not have clearly
defined restoration goals and lack monitoring of project success or failure (Bernhardt et al.,
2005). Only recent years, an increasing number of restoration projects began to evaluate ecological system parameters to document the success of restoration (Wortley et al., 2013).
However, a major difficulty in practice will be how to define and measure restoration success. Often there is no knowledge on pre-pressure conditions, and therefore references are
defined by comparing conditions to other comparable, unimpaired rivers. Comparing a restored site to a reference may lead to clearly set restoration goals, but most studies do not even
use a target reference (Wortley et al., 2013). Moreover, even if a reference is used, which is
for instance standard in the WFD, the restored site is compared to a static reference situation
preferably without human influences. However, with this static method it is almost impossible to distinguish natural variability from responses to anthropogenic influences (Bouleau
and Pont, 2015).
The modelling approach adopted in our study enabled us to evaluate the natural variability
of the restored system versus the natural variability of a reference scenario with a similar
hydrograph. Therefore, we could define the reference condition in a dynamic equilibrium and
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assess ecological- and hydro-morphological restoration success as a quantitative deviation
from reference conditions in an exact similar discharge setting. Furthermore, this enabled
us to quantify to what extent the system returned to a natural state after flow restoration, by
comparing the restored state to the bandwidth of the natural state.
Our model results show that when natural flow is restored in dammed systems, the recovery potential depends on the magnitude of the pressure and timing of the restoration,
rather than the duration of the pressure. We find relatively short hydro-morphodynamic
and ecological recovery times, generally less than 20 years, expressed here as the time to
reach values within dynamic reference conditions (Tables 7.2 and 7.3). Although we define
the reference as a dynamic equilibrium, the recovery time to reach these conditions is a bit
arbitrary since recovery times are short when pressure and reference conditions are coincidentally synchronous at the moment of recovery and long when they are coincidentally
asynchronous. This does not give any information on the future trend after recovery, which
could be drastically different.
These results have to be considered within the context of the type of river that was modelled in this study. Here, we modelled a very dynamic river with fast and dynamic vegetation
development and relatively fast hydro-morphodynamic adaptation times. Williams and Wolman (1984) have shown that the time to reach a new dynamic equilibrium state after dam
construction can vary between 10 years in highly dynamic systems and over 200 years less
dynamic systems. One can assume that after restoration, a similar path can be followed where
a new, natural dynamic equilibrium can be reached relatively fast in highly dynamic systems.
When stream power and the frequency of over-bank flooding are high and vegetation development is fast, river morphodynamics increase, create more heterogeneous conditions on the
floodplain that promotes ecological recovery, while in less dynamic systems recovery might
be slower.
In the scenarios presented here, the dam is assumed to be far upstream and the sediment
balance remains unchanged. Therefore, the river shape has presumably been less altered than
in areas close to a dam. In such areas for instance, a lateral immobile entrenched river could
be formed downstream of the dam due to channel erosion, or large sediment supplies accumulated in the reservoir may be flushed through the system during peak flow release (Doeg
and Koehn, 1994; Hart et al., 2002), which might initially hamper recovery after flow restoration. The difference in restoration times between the stable and reversed dam confirm this,
since the morphological deviation from the reference is strongest in the reversed dam scenario, which showed the largest hydro-morphodynamic deviation during the pressure.
Even if ecological recovery in terms of habitat suitability would be fast, if populations become extinct in a certain area during the pressure, it can take many years before they are able
repopulate from another source population, although for fish this can be relatively quick
(Lovett, 2014). Pressure and recovery pathways show that a longer pressure duration causes
a larger segregation from reference conditions which could eliminate certain sensitive keyspecies and therefore could extend recovery times.
We find that initial conditions at the start of the restoration strongly determine ecological recovery time. These conditions can differ either due to a large deviation in morphology
caused directly by the pressure, i.e. in the reversed dam scenario, or by coincidentally being
asynchronous with the reference conditions due to the large-scale variability in morphology.
Even a short disturbance could already initiate a disruption that modifies the whole temporal trend in hydro-morphodynamics and all facilitated species, generating a deviation from
the reference and making it difficult to return to reference conditions. However, due to the
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natural variation in the restored system, there are still periods where the restored conditions
are within reference conditions.
The ecological response and variability differs between fluvial species because they have
different habitat suitability requirements. Overall, there is an overshoot response showing
a large loop during the pressure and a quick rebound after recovery. Species that less depend less on antecedent conditions, i.e. salmon, respond quickly to hydro-morphodynamic
changes, while other species that are influenced by several years of antecedent conditions
have a smoother response with a lag-time.
In some cases, an alternative dynamic ecological equilibrium forms that strongly deviates
from the reference conditions, e.g. for helophytes in the 50 year and 100 year reversed flow
scenario (Figures 7.6 and 7.10). This suggests that in these situations, an alternative stable
state is reached of which median values are not within dynamic reference conditions. This
could hamper ecological recovery because it might not be possible to reach good habitat
suitability for particular species any-more by only restoring the natural flow regime. In these
situations, additional measures might be necessary to actively create suitable niches for affected species. These results are in line with the study from Doyle et al. (2005), who analysed
several case studies with dam removal and assessed how channel changes affect aquatic and
riparian species. They found different responses and recovery rates for different species and
show with a conceptual model that ecosystem recovery is strongly linked to the potential of
the system to return to pre-dam hydro-morhodynamic conditions.
7.4.2 Impact for river restoration
This study shows that when the natural flow regime is restored, the ecological recovery can be
fast. This is however an idealized situation with in a very dynamic system where we did not
have to take socio-economic considerations into account. In reality, river restoration projects
are often restricted in restoring natural flow dynamics due to the need for water extraction
and flood control (Kondolf et al., 2006). Therefore, in many situations totally restoring to
natural conditions is not even feasible. Moreover, we show that even if the flow regime is
totally restored, some species are not able to recover to reference conditions and additional
measures might be needed to achieve ecological goals.
Also, we show that comparing restoration success or current state of the river in a static
way to a static reference situation, which is the case in for instance the WFD, is likely to
either overestimate or underestimate the hydro-morphological and ecological quality, especially in highly dynamic systems. Even in our situation, where we take a 10-year dynamic
reference equilibrium into account, recovery times do not necessarily say something about
the long-term deviation from reference conditions. For instance, species with a similar recovery time can show different long-term trends in recovery. Similarly, species with a very
long recovery time do not necessarily show large long-term deviations from reference conditions. Also when an alternative dynamic equilibrium is reached, with conditions on average
distinctly different from reference conditions, there are still incidental annual values falling
within reference conditions.
So, to be able to exclude these long-term dynamic effects and accurately verify restoration
success, managers should develop long-term monitoring programs and perform monitoring
on large spatial scales to filter out local effects of natural variation. Subsequently, this data
should be compared to a reference situation with dynamic equilibrium conditions instead of
using static descriptors that ignore natural variability.
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7.5

Conclusions

When natural flow regimes are restored in river systems that were previously impaired by
reservoir dams, the recovery potential depends on the magnitude of the pressure and the
timing of the restoration. Recovery time is long when initial conditions at the start of the
restoration deviate from reference conditions, either due to large morphological differences
directly caused by the pressure or by conditions that are coincidentally asynchronous with
the reference conditions due to natural variability in fluvial morphology.
Generally, there is a clear segregation of species response during pressure and during
restoration. Species respond quickly to flow alterations and also show a swift recovery towards reference conditions. However, in some situations, alternative dynamic equilibria are
reached for fluvial species, where habitat suitability falls consistently outside the dynamic
equilibrium of the reference situation. This suggests that alternative measures might be required to restore hydro-morphodynamic conditions in these type of habitats.
Recovery time is an arbitrary measure since it depends strongly on natural variations in the
restored system and the reference to which it is compared. It does not give information about
future trends and stability of the restoration success. Therefore, restored systems should be
assessed in a dynamic matter and static comparisons between the current state of restored
rivers and their reference should be avoided. In turn, monitoring programs should be developed at large spatio-temporal scales to filter out local effects of natural variation and to better
assess restoration success.

151

Chapter 8
Synthesis
The main objective of this thesis was to create a better understanding of emergent patterns in
vegetation and fluvial morphology arising from the interaction between hydro-morphological
and ecological processes in meandering rivers and floodplains, and how these affect habitat
suitability of fluvial species.The methodology I used to reach this objective was to isolate
processes and test effects of interactions by means of numerical modelling and to compare
model results against control runs. I developed a novel riparian vegetation model and coupled this model to the well-verified numerical model Delft3D-FLOW. The combined model
is the first to include advanced hydro-morphodynamics and vegetation processes that are
interacting on a time scale from years to centuries. By running several sets of well-defined,
effective simulations and comparing those to field data and conceptual models, I was able
to unravel how patterns and dynamics emerge from feedbacks between vegetation and river
morphology, and how these patterns and dynamics are affected by vegetation type, invasive
species, dams and climate change.

8.1

Main conclusions

The key findings from this study are the following:
1. Despite the modelling advances in the last decade, modelling capabilities in terms of
individual modelling of hydrodynamics, morphodynamics, vegetation and their interactions are still remarkably unbalanced. Models often contain either advanced vegetation processes or advanced hydro-morphodynamic processes but lack detailed interaction effects at larger spatio-temporal scales (chapter 2).
2. Including dynamic vegetation processes and interactions in hydro-morphodynamic
models is essential for predicting realistic patterns and dynamics of riparian vegetation
and fluvial morphology (chapter 3).
3. Distinct patterns in river morphology emerge from riparian eco-engineering vegetation types with evolving life-stages and corresponding characteristics, different settlement conditions, density, growth and survival. This shows that vegetation properties
and dynamics are important drivers in shaping river morphologies (chapter 3).
4. Climate change in Southern-Europe, generally leading to a decrease in discharge, will
progressively decline riparian vegetation recruitment, cause ageing of vegetation and a
shift of vegetation development towards lower floodplain elevations, thereby confining
it to a narrower elevation zone along the channel (chapter 4).
5. Persistent, abundant riparian plant invaders decrease native riparian vegetation cover
by out-competing them, shifting accessible colonization sites towards lower floodplain
elevations and increasing hydro-morphodynamic pressures at these sites (chapter 5).
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6. Remarkably, less abundant and less persistent riparian plant invaders may facilitate and
thus enhance native riparian vegetation development by creating favourable hydromorphodynamic conditions for colonization through shielding (chapter 5).
7. When life-history strategies and properties of riparian plant invaders differ from those
of native riparian species, the invaders can cause large seasonal fluctuations in water
levels and sediment transport (chapter 5).
8. Acute flow stabilization by dams leads to an instantaneous reduction of seedling recruitment, development of a narrower vegetation band, and ageing, which increases
succession towards terrestrial species. In contrast, gradual flow alteration with increasing high- and low flows, for instance due to a changing climate, may increase riparian
vegetation cover (chapter 6).
9. Fluvial species are most substantially affected by a changing discharge regime when
the shift in timing of flow stages mismatches with critical life-history events (chapter
6).
10. Combinations of acute flow alteration by dams and gradual alteration by climate change
result in a non-linear and adaptive morphodynamic response with different effects for
various fluvial species. This implies that effects of multiple flow alteration pressures can
only be predicted with models including bio-geomorphological feedbacks, whereas addition of single-pressure regime effects is overly simplistic (chapter 6).
11. When the natural flow regime is restored in dynamic systems, ecological recovery is
mostly determined by the magnitude of the pressure and timing of the restoration in
relation to intrinsic decadal and centennial hydro-morphodynamic periodicity, rather
than pressure duration (chapter 7).
12. Habitats for fluvial species are affected differently during the period of altered flow and
after recovery of the natural flow regime. Habitat restoration to pre-disturbed conditions can be hampered when an alternative dynamic equilibrium is reached during the
period of altered flow (chapter 7).
13. Static comparisons between the current state of a river and a reference may lead to misprediction of hydro-morphodynamic and ecological quality, and hence of restoration
success (chapter 7).
The findings from this thesis quantitatively show that distinct, dynamic spatio-temporal
patterns in vegetation and river morphology arise in lowland meandering rivers when neither plants nor hydro-morphodynamic processes dominate. This happens as follows. Seasonal plant characteristics, life history strategies and biotic interactions determine the extent
of river dynamics. In turn, river dynamics causes landscape rearrangements and related vegetation settlement and destruction at the large scale by chute cut-offs and river migration,
and at the smaller scale by flooding, desiccation and sedimentation and erosion around and
within vegetation patches. The impacts of humans on river systems are complex and often
drastically reduce river dynamics and alter vegetation patterns and associated habitats of fluvial species. Pressures can in specific circumstances be mitigated by autonomous processes,
adjusting flow regimes in agreement with vital life-history events of key species or completely
restoring natural flow regimes. Recovery time and recovery success depends on the periodicity in river morphodynamics and the ability of the system to return to pre-disturbed morphodynamic conditions.
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8.2

Flood pulse shapes eco-morphodynamic patterns

The flow regime dictates the flooding frequency of the floodplain and thereby dominantly
determines the structure and functioning of aquatic and riparian ecosystems (Tockner et al.,
2000; Poff et al., 2010, and chapter 6). The importance of flow dynamics was first described in
the flood pulse concept by Junk et al. (1989), stating that flow variability is the major driver
connecting rivers to their floodplains and modulating the exchange of matter and organisms.
This concept was later confirmed and extended to other river types in many other studies (e.g.
Tockner et al., 2000; Boedeltje et al., 2004).
This flood pulse is important for the transport of seeds and propagules of aquatic and
riparian plants across the floodplain (Boedeltje et al., 2004). Patterns of Salicaceae species
development on the floodplain are shaped by flood peaks linked to seed dispersal timing
(Van Splunder et al., 1995). This thesis shows that when basic ecological vegetation processes, hydro-morphological processes and their interactions are included in the model, colonization success and resulting vegetation patterns are strongly influenced by the flow regime
(chapter 6), which is congruent with the flood pulse concept. This means that we now have
the tools to reproduce emergent patterns and dynamics created by the flood pulse, which is
an essential progress from conceptual models towards the quantitative understanding of the
underlying mechanisms and controlling factors. In the model, temporal water level fluctuations determine when and where plants can colonize and inundation frequency influences
vegetation mortality. Therefore, the temporal resolution of discharge input strongly influences how much vegetation colonizes and dies at specific locations. For modelling efficiency,
monthly averaged discharges were used in chapters 3, 5, 6 and 7. The vegetation mortality
parameters sensitive for flow were used to calibrate the model in producing natural vegetation patterns and age distribution. However, when real discharges (in chapters 5 to 7) instead
of a generalized discharge curve (in chapter 3) were used, the mortality parameters had to be
recalibrated to obtain a comparable vegetation cover. Using daily discharges might modify
the vegetation pattern even more, since higher flood peaks are not averaged out. This would
generate different patterns in vegetation and river morphology when similar mortality values
would be maintained (Figure 8.1).
Bed level (m)
Vegetation age

Figure 8.1: Vegetation patterns and river morphology resulting from monthly averaged discharges (left) or daily
discharges (right). All other model settings are equal.

The choice in temporal discharge resolution also influences morphodynamic processes. In
chapter 4, a small river is modelled using daily discharges and a bed level distribution generated from Lidar data. Due to the flashy regime of this river, using daily discharges underestimates the morphodynamic activity because hourly peak flows and mean daily discharges
can differ by a factor two, leading to lower sediment transport rates when daily discharges
are used (De Smit, 2016). However, it is important to note that the Curueño river, in contrast
to the Allier river, is close to the beginning of sediment mobility and the impact of hourly
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versus daily discharges is more important here than in the Allier. These experiences stress
the importance that modellers coupling ecological processes to hydro-morphological processes should first gain insight in relevant hydro-morphological and ecological times-cales
for their specific area to be able to model the river system more realistically, even if that
considerably increases computational cost. Still, once the relevant modelling resolution in
time and space has been determined, the relevant and characteristic patterns resulting from
bio-morphological interactions will emerge from this approach.

8.3 Plant traits and strategies affect river dynamics
The modelling results demonstrated how and under what conditions plant traits and plant
strategies, such as plant size, shape, colonization location, growth speed and survival affect
large-scale river morphology (chapter 3). When traits and characteristics of vegetation are
varied, large-scale river morphology and dynamics like meander migration, sinuosity, bed
level distribution and sediment transport are affected (chapter 3).
At the smaller scale, the density of vegetation strongly determines hydro-morphodynamic
conditions around and within a vegetation patch (Temmerman et al., 2007; Luhar et al., 2008,
and chapter 5). The density and structure of vegetation patches can be influenced by biotic
interactions which become increasingly important at locations that are less dominated by
fluvial morphodynamics (Grime, 2002). In this thesis, competition for space was included as
the main competition process. This was implemented as the ‘first-come-first-serve’ principle
and plants with high initial propagule dispersal density and high survival could gain the
upper hand. This was the case when an invader gained competitive advantage in the high
propagule pressure scenario and was able to form densely vegetated patches (chapter 5).
Very dense vegetation patches cause unfavourable conditions for settlement of seedlings
around the vegetation patch, thereby affecting the total vegetation structure at the landscape
level (chapter 5). Conversely, conditions can become favourable for seedling settlement when
vegetation patches provide shelter by decreasing flow velocity within the patch or on the leeside of the patch (chapter 5). Facilitation behaviour is commonly known between or within
native species populations in highly dynamic areas along rivers, streams and in estuaries
(e.g. Van de Koppel et al., 2005; O’Hare et al., 2012; Corenblit et al., 2011; Corenblit et al.,
2016) but is less documented for invasive plant species. Corenblit et al. (2014) showed from
field observations that invasive species can contribute to the total engineering capacity of
the system. The model results in this thesis demonstrate the mechanisms and conditions
that lead to situations where an invasive plant species takes on the role of an alternative ecoengineering species at the benefit of settling native species (chapter 5).
Seasonal variations in plant traits may have an impact on sediment transport rates and
flooding magnitude. These hydro-morphodynamic effects can be tremendous if a certain
plant type with contrasting above-ground dynamics to native plant types, becomes dominant (chapter 5). In this thesis we describe the effect of invasive perennial herbaceous plants
replacing riparian trees, but stronger bank destabilizing effects are expected when annual
herbaceous plants replace native riparian trees (Greenwood and Kuhn, 2014) or, in case of
replacement by evergreen trees, bank stabilizing effects are expected to increase (Tickner et
al., 2001).
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8.4

Response of fluvial species facilitated by eco-morphodynamic interactions

Eco-morphodynamic interactions create a heterogeneous habitat mosaic that supports a wide
range of aquatic and riparian species (Naiman and Decamps, 1997). Life history strategies
of fluvial species determine their sensitivity to hydro-morphodynamic pressures and disturbances of the natural flow regime (Merritt et al., 2010). Suitable habitats for aquatic and
semi-aquatic vegetation are dependent on minimum water levels and the lack of strong water level fluctuations during their growing season (Dikker, 1974; Geest and Teurlincx, 2010).
Rheophilic fish species like the Atlantic salmon require fast flowing water and gravel to spawn,
while limnophilic fish species prefer low dynamic areas with aquatic vegetation to hunt and
spawn (De Laak and Van Emmerik, 2006; De laak, 2007). Chapter 6 shows that even if fluvial
species occur in similar habitats, they can be affected differently by flow regime alterations
that are related to the timing of their critical life-history events. For instance, when an altered
flow regime increases water levels in summer and decreases water levels in winter, aquatic
plants can thrive because there is sufficient water during their growing season. In contrast,
a similar flow regime strongly decreases spawning area of the pike. Pike spawning also takes
place in low dynamic areas, only now during winter, when water levels are unnaturally low.
Therefore, flow alterations can have contrasting effects between species with different habitat types as well as between species with similar habitat types. Moreover, fluvial species often
depend on antecedent conditions and therefore there can be a lag time in their response to
flow alterations caused by either pressures or restoration (chapters 6 and 7).

8.5

Why we need a method to analyse vegetation pattern dynamics

The long-term time series of complex morphology and vegetation patterns resulting from the
numerical models arise from many non-linear interactions and multiple adaptation scales
of river morphodynamics and vegetation development (chapter 6). This complex behaviour
made it challenging to disentangle causal relations and difficult to quantitatively explain
emergent patterns in vegetation and in river morphology. Model results were compared to
aerial photos and similar spatial patterns in river morphology and vegetation were identified for the general validation of the model (chapter 3). Spatial patterns are defined here as
the shape, orientation, structure and coherence of landscape units, in this case morphological and vegetation features. These patterns are the emerging result of dynamic hydrological,
morphological and ecological processes and interactions at smaller spatial scales (Wiens,
2002; Lausch et al., 2015). Spatial patterns change over time, but the ecotope diversity remains relatively unchanged on the larger scale (Geerling et al., 2006).
There has been a lot of research relating hydro-morphological processes to spatio-temporal
patterns in river morphology. This resulted in many hydro-morphological indicators to assess
the current state of rivers and floodplains (Gurnell et al., 2014a). In landscape ecology, also
many metrics exist for quantifying spatial vegetation patterns (e.g. Turner, 1990; McGarigal,
1994), but these are all descriptors of static situations. Methods linking hydro-morphological
processes to spatio-temporal vegetation patterns are scarce (but see Greco et al., 2007). To
date, no automated method exists to evaluate the dynamics of vegetation patterns and the
link to underlying hydro-morphodynamic processes.
For meandering lowland rivers, such a method may include the temporal development of
shape and structure of individual vegetation patches on a point bar, combined with the distance to the main channel. Depending on the river type, distance to channel could serve as
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a proxy for groundwater availability and/or disturbance frequency, while dynamics in vegetation shape and structure can give information on vegetation succession or retrogression
and the type or age of the vegetation. Linking process to pattern clearly requires knowledge
on the key-processes that shape vegetation patterns, how processes affect these patterns under different conditions and which indicators are able to capture this (Lausch et al., 2015). In
this thesis, I linked several vegetation characteristics and processes, i.e. traits, growth, dispersal, survival, competition (chapters 3 and 5) and hydraulic processes, i.e. discharge (chapters
4, 6 and 7), to vegetation pattern characteristics, i.e. orientation, density, shape, coherence.
This generates understanding in how these vegetation characteristics and processes, through
interactions with hydro-morphodynamics influence vegetation patterns. This is a first step
towards finding key-processes and indicators for process-pattern linkages.
Currently, a method is being developed that is able to systematically classify individual vegetation objects, categorized in texture classes that represent vegetation size, and track their
emergence and disappearance through time (Douma, 2016). A future step will be to link
these pattern dynamics to hydro-morphodynamic drivers. Not only will these types of methods provide more understanding in natural process-pattern linkages, they will also support
validation of complex, non-linear models by quantitatively comparing emergent patterns.

8.6 Generalization of results to other systems
Eco-engineering by plants shows the most dynamic responses at the intersection where neither fluvial disturbances nor plants dominate (Gurnell, 2014, and chapter 3). In this thesis,
the Allier was used as inspiration for modelling and here, riparian trees are the dominant
eco-engineering species. A legitimate question arises then whether the eco-morphodynamic
insights from this thesis and the model formulations can be applied to other systems.
Chapter 4 shows that the vegetation model creates comparable vegetation cover and age
distribution, without extensive calibration, when it is applied to another, smaller river type.
For systems with other types of eco-engineering species, plant traits and interacting processes
can be adapted to the dominant engineering types in those systems. chapter 3 shows that,
when plant sensitivity to morphodynamic pressures is low in, case of very resistant plants
(S4 in figure 3.13, chapter 3), the river develops into a plant dominated system and river dynamics become restricted. This behaviour can be compared to the effect of trees in smaller
streams (e.g. small streams in forests) or to heavy vegetated areas with large, meandering
rivers (e.g. rivers running through rain forests). Vice versa, in high energy systems where
fluvial forces dominate and vegetation is not able to develop and stabilize the floodplain, a
more dynamic environment is created with more chute cut-offs and a wider floodplain (e.g.
Ganges River). Model results with scarce vegetation development (scenarios S3 and S7 in
chapter 3) show a similar increase in dynamics and migration behaviour. This result provides evidence for the conceptual model of Gurnell (2014) showing a shifting hotspot of ecoengineering between river systems with different stream power and vegetation types from
a hydro-morphodynamic to a vegetation dominated system. Vegetation patches create flow
concentration in the channel and around vegetation patches with unfavourable colonization conditions, but favourable conditions for colonization and growth within vegetation
patches (chapter 5). This small-scale facilitation and larger-scale inhibition of vegetation has
also been shown to be caused by vegetation types occurring in estuaries (van de Koppel et al.,
2006; Bouma et al., 2009). Also Lokhorst (2016) has shown these facilitation effects of Zostera
marina on Spartina anglica using the vegetation module developed in this thesis, adapted for
macrophytes and applied to the Scheldt estuary.
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This suggests that the insights of plant traits shaping river morphology and the processes
of facilitation and inhibition resulting from this thesis are applicable in other systems. Furthermore, it shows that the type of modelling used here is also well suited for other systems.

8.7

Scientific challenges/recommendations for further research

With increasing computational speed and current advances in the inter-disciplinary field of
ecohydraulics, large progress can be made in modelling ecological and hydro-morphological
processes at larger spatio-temporal scales and with more detailed representation of processes
and interactions. This provides opportunities to improve our predictive modelling capabilities and with this, many new research challenges arise. Below, some important future research
challenges are outlined arising from modelling experiences in this thesis.
8.7.1 Bank dynamics related to vegetation and mud
Plants increase channel bank strength through their rooting systems and by addition of organic material to the soil (Gurnell, 2014). Additionally, aggradation of fines can provide cohesion to channel banks and floodplains. Kleinhans (2010) suggests that the combination
of flow concentration into the channel caused by hydraulic rough banks and floodplains,
increased bank stability and filling of abandoned channels and floodplain depressions with
fines, can lead to meandering. Therefore, it is interesting to investigate and model the combined effect of vegetation and fines on river planform. Research by De Vries (2017), modelling the Allier River with the model described in chapter 3, combined with an additional
mud fraction, shows that the mud distribution pattern follows the vegetation pattern. Moreover, mud is better able to retain moisture than sand or gravel, and contains nutrients, which
enhances plant growth, survival and succession (Tabacchi et al., 1998). This suggest a positive
feedback between vegetation and mud, and indicates that the substrate at locations with vegetation might become even more cohesive due to aggradation of mud and increased vegetation growth and survival. Due to changing conditions at these locations, other plant habitats
are created, which in turn promotes vegetation succession.
However, there are several factors currently hampering more detailed modelling of these
processes. Several modelling studies have included simplified channel bank dynamics related
to vegetation development. For instance, Perucca et al. (2007) modelled bank stability related
to vegetation biomass with a simplified linear relation and Nicholas (2013) uses a flow velocity threshold value to erode vegetated floodplain cells. However, bank dynamics related
to vegetation development include many complex processes (chapter 2), and there are limited field data available. Hence, a lot of progress is yet to be made in establishing models
that predict the stability and dynamics of channel banks and floodplains with heterogeneous
vegetation- and sediment cover. For example, the algorithm for bank erosion currently implemented in the Delft3D modelling suite simulates bank erosion to take place in dry floodplain cells, when the adjacent wet cells are eroding. This algorithm ignores processes such as
undercutting, slumping and mass failure, which are common in meandering rivers (Figure
8.2). This coarse method therefore prevents representation of detailed meander migration
processes. Thus, combining research on the effect of vegetation and mud on bank strength
and the construction of a more accurate bank erosion algorithm will increase the veracity of
modelled bank dynamics and will improve our ability to simulate meandering rivers.
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Figure 8.2: Bank erosion along the Allier River (photo courtesy G. van Geest).

8.7.2 Dynamic inflow boundary
van Dijk et al. (2012) have shown that an upstream perturbation is necessary to maintain
active meandering in a flume without vegetation. In this study, the upstream perturbation
was caused by slowly moving the upstream discharge inflow in lateral direction. A similar
type of method was used by Schuurman et al. (2016) in a physics-based numerical model
to investigate the effect of a laterally moving inflow and skewed inflow on meander dynamics. Here, the perturbations only had a trivial effect on river morphology. They hypothesized
that this is due to the missing bar-floodplain conversion mechanism transforming point bars
into floodplain. Indeed, this thesis shows that even with a static inflow boundary, dynamic
vegetation development is able to promote and maintain active meandering by actively directing the flow into the channel in situations with high vegetation cover and promoting
chute-cut offs at locations where vegetation is less dense (chapters 3 and 5). However, in situations without vegetation, the effect of the static inflow boundary is visible as a relatively
straight channel in the upstream part of the model grid (Figure 3.5 in chapter 3). This shows
that boundary effects can have large morphological effects in situations without vegetation,
but might also affect river morphology in situations with vegetation. A similar method as in
Schuurman et al. (2016) could therefore be employed in combination with dynamic vegetation modelling to minimize upstream boundary effects, to test the combined effects of inflow
perturbations and vegetation development on patterns in river morphology and vegetation
and improve modelling capabilities for meandering rivers. When vegetation and morphology
at the upstream boundary become more dynamic due to this shifting boundary condition,
these dynamics will propagate in downstream direction and affect patterns and dynamics in
vegetation and river morphology at larger spatio-temporal scales. For this method to work it
would also require a longer domain for the meander dynamics to become contingent rather
than coupled to the upstream boundary.
8.7.3 Patterns of propagule dispersal
For many riparian species, water is an important vector for dispersing plant propagules (Karrenberg et al., 2002). The flow regime and morphology dictate where and when propagules
are deposited (section 8.2), and influence the vegetation patterns on landscape level (Nilsson
et al., 2010). Assuming unlimited seed dispersal is a valid modelling assumption for Salicaceae species, which are dominantly present on river floodplains in temperate climatic regions and have an abundant seed production (chapter 3, Braatne et al., 1996; Karrenberg et al.,
2002). However, in case of rare plant species that do not have large upstream source popula160

tions or to investigate the initial distribution patterns of invasive plant species, a point source
dispersal approach could be a useful method to predict spatio-temporal vegetation patterns
and dynamics. This can be done, for instance, by assuming a limited amount of seeds introduced from a plant source population, and tracking the movement of propagules, either in
the bed load or floating on the water, into a downstream direction. In the model this could
be included by a particle tracking procedure. In this way, the direct flow path of the water
and/or the sedimentation location determine the deposition pattern, which is more in line
with natural processes and hence will predict vegetation patterns and dynamics in a more
realistic way. This will for instance generate more insight in the lag-phase of biological plant
invasions, which could alter the time after which a species would become dominant (chapter
5) and could provide customized advice for river managers in mitigating plant invasions.
8.7.4 Groundwater
Access to groundwater is another important factor influencing bio-geomorphological succession. When riparian vegetation has sufficient access to groundwater, the bio-geomorphological succession is fast compared to situations with limited groundwater access (Batz et
al., 2016). In situations with limited groundwater access, Salicaceae growth is primarily controlled by surface water, and native vegetation might become more sensitive to out-competing
drought-tolerant or invasive alien species (Stromberg et al., 2010). In the model used in this
thesis, groundwater availability is implicitly included in the mortality sensitivity for desiccation, where older vegetation is assumed to have better groundwater access due to longer
root lengths. A somewhat more detailed method for groundwater inclusion could be to assume groundwater levels below the floodplain to be similar to the water level in the river.
By linking the root length of the vegetation to the groundwater level, access to groundwater
and hence, more tolerance for drought or higher survival could be modeled. More detailed
groundwater models that actively model groundwater flows, have also been developed, but
require detailed information about soil properties and vegetation physiology (chapter 2).
8.7.5 Biotic interactions
Competition and facilitation are important processes in shaping vegetation patterns (chapter 2). Chapter 5 showed that modelling multiple riparian plant species can either lead to
competition or facilitation, depending on their properties and local interactions with hydromorphodynamic processes. Here, competition for space was the main modelled process, but
in nature also processes like resource competition (e.g. light, nutrients) and allelopathy influence vegetation patterns (Grime, 2002). Especially at higher floodplain elevations, competition becomes a more dominant process if biotic forces become dominant over abiotic forces.
This process influences vegetation succession, and determines the vegetation dynamics and
patterns on the river floodplain.
So, when multiple vegetation types on the floodplain are modelled, competition processes
become increasingly more important. To be able to use competition in eco-morphodynamic
models, biotic interactions between species and directions of vegetation succession or retrogression related to hydro-morphodynamic processes have to be included. This requires
more extensive field data to find relations and interactions between plant species, resources
and hydro-morphodynamic processes.
Another important biotic component in managed river floodplains is grazing. Grazers
selectively eat palatable plants or the lower leaves and branches of shrubs. This creates an environmental filter where plants with certain ‘unpalatable’ traits like thistles or blackberries,
benefit compared to other plants. This new vegetation structure in turn affects vegetation
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roughness, so this means that grazing has the potential to alter river shape and dynamics.
Therefore, in heavily grazed floodplains, the impact of grazers on vegetation composition
and related roughness cannot be ignored.

8.8 Insights for river management
The last years, many European projects have been focused on finding ways to restore rivers
or mitigate climate change (Kampa and Buijse, 2015; REFORM, 2016; REFRESH, 2010). In
the Netherlands, ‘Room for the River’ projects have been performed to manage flood water
levels by giving more room to the rivers and at the same time improving ecological status
and creating socio-economic benefits. Another popular restoration concept is ‘Building with
Nature’. This concept aims at sustainable design of coast-, delta- and river systems by using the
natural processes operating within the landscape. An example is for instance the development
of a natural dike fortification by creating a vegetated foreshore.
Still, a lot remains to gain by better including the role of natural vegetation processes in
river projects. There are for instance still projects that remove all vegetation within the flow
path of the river because it might lead to high water levels and flooding. This is a crude
approach because it creates more homogeneous rivers and floodplains with low ecological
value, and therefore it has rightly gained a lot of criticism. For restoration measures to be
successful, natural dynamics should be allowed to reign freely. However, in many restoration projects where new channels are dug, connected or expanded, the channel dimensions
are often not created in balance with the discharges, leading to less dynamics and failed or
very slowly evolving restoration. When systems are restored by allowing natural dynamics
to return, in combination with river dimensions that are in natural balance with discharges,
restoration time in dynamic systems could be relatively short (chapter 7). Although solely
restoring environmental conditions might not be sufficient to restore habitats for some fluvial species if the river pattern and dynamics are altered to such an extent that an alternative
state is reached. In these situations additional measures must be applied to restore these habitats to their pre-disturbed state (chapter 7).
Bio-geomorphological interactions are non-linear with multiple adaptation time-scales in
vegetation and hydro-morphodynamics (chapter 6). There is a time lag in response of vegetation and fluvial morphology due to effects of flow alterations. In rivers with high sediment
load and fast vegetation development, adjustment to flow alteration by dams may occur relatively fast, e.g. 10 years, but in less dynamic systems it may take centuries (Williams and Wolman, 1984). Vice versa, if a river is restored, there will also be an adjustment period to adapt
to these new conditions. The five year time window that is generally applied in restoration
projects (Petts and Gurnell, 2005) is too short to assess the success or failure of restoration
measures. Longer-term observations are required to filter out the effect of natural discharge
variation from the effect of the restoration measures. This means that restoration success or
assessment of the current state of the river must be viewed in a dynamic window instead
of a short-term or static snapshot (chapter 7). This requires more extensive monitoring programmes that include areas large enough and times long enough to capture the whole system
dynamics. An additional benefit is that these long-term, detailed datasets contain valuable
information to improve and verify eco-morphodynamic models.
The bio-geomorphological model advances and insights in this thesis may help to improve evaluation of the effect of ecological- and flood protection measures. The presented
modelling approach considers natural system dynamics by predicting spatio-temporal patterns in vegetation with different types and life stages interacting with river morphodynamics
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on large spatio-temporal scales. Therefore, this approach can support the identification and
evaluation of alternative strategies for management that do not include removing all vegetation, but provide more customized advice on the design of measures for protection against
flooding and maintaining or enhancing the ecological value of rivers and floodplains.
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