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Abstract  

While methodological advances in ecosystem modeling reflect the growing recognition in the 

importance of accounting for dynamic change in river ecosystems, it is also recognized that 

various forms of regulation measures have completely disrupted its natural dynamics. In this 

context the underlying research question of this PhD is how river regulation affects the spatial 

distribution of riverine vegetation (aquatic and riparian) and whether rather simple static 

models that assume equilibrium between vegetation and environmental factors are adequate 

tools for its prediction.  

In a first step, we presented a systematic, quantitative literature review on models to predict 

the distribution of riverine vegetation on reach scale and identified research gaps to guide the 

further development of the thesis. Then, we developed and tested a habitat suitability model 

for aquatic vegetation based on hydrological variables. We concluded that during artificially 

stabilized (static) low flows the vegetation is in equilibrium with the physical instream 

condition and showed how the model can be used to define a flow threshold that reduces the 

risk of species invasion and proliferation. Further, we reconstructed the historic succession 

dynamics of a large river floodplain using a dynamic vegetation model and showed that typical 

regulation measures led to a steady progression of the vegetation communities toward 

mature phases without regression to younger stages. Finally, we applied different static and 

dynamic modeling approaches for the distribution of floodplain vegetation to the same study 

area and concluded from the comparison of their results that due to regulation measures the 

relevance of succession dynamics and disturbance stochasticity for the prediction of 

vegetation patterns is much reduced. 

Consequently, from a river manager´s perspective, static models seem to be an adequate 

option for the modeling of the distribution of riverine vegetation in artificially stabilized 

environments since they show high accuracy, need relatively few resources (data, time, expert 

knowledge) when compared to dynamic models and are reproducible. 

 

Keywords: riparian vegetation, aquatic vegetation, modeling, spatial distribution, river 

restoration 

 



  



 

      

Resumo 

Embora os avanços metodológicos na modelação de ecossistemas reflitam um crescente 

reconhecimento na importância de processos dinâmicos, reconhece-se também que várias 

formas de regularização impedem as dinâmicas naturais em muitos rios. Neste contexto, a 

questão de investigação deste doutoramento é como a regulação dos rios afeta a distribuição 

espacial da vegetação ribeirinha (aquática e riparia) e se modelos estáticas relativamente 

simples que assumem equilíbrio entre a vegetação e os fatores ambientais são instrumentos 

adequados para a sua previsão.  

Num primeiro passo, apresentámos uma revisão sistemática e quantitativa de literatura sobre 

modelos de distribuição de vegetação aquática e ripícola e identificamos lacunas de 

investigação para orientar o desenvolvimento da tese. Depois, desenvolvemos e testámos um 

modelo de adequação de habitat para a vegetação aquática com base em variáveis 

hidrológicas. Concluímos que durante a época vegetativa com caudais artificialmente 

estabilizados a vegetação está em equilíbrio com as condições hidrológicas e mostrámos como 

o modelo pode ser usado para a definição de caudais mínimos com o objetivo de reduzir o 

risco de proliferação por espécies invasoras. Além disso, reconstruímos a sucessão histórica 

da vegetação ripícola de um grande rio usando um modelo de vegetação dinâmico. 

Mostrámos que as medidas de regulação causaram uma progressão constante das 

comunidades de vegetação para fases maduras sem regressão a fases mais jovens. Por último, 

aplicámos diferentes abordagens de modelação estática e dinâmica para a distribuição da 

vegetação ripícola para a mesma área de estudo que nos ajudou a concluir, a partir da 

comparação dos seus resultados, que devido às medidas de regulação a estocasticidade das 

perturbações fluviais já não é um parâmetro relevante. 

Consequentemente concluímos que em ambientes artificialmente estabilizados  os modelos 

estáticos parecem ser uma opção adequada para a modelação da distribuição da vegetação 

ribeirinha, uma vez que mostram alta precisão, precisam de relativamente poucos recursos 

(dados, tempo, conhecimento especializado) quando comparados com modelos dinâmicos e 

ainda são reprodutíveis 

Palavras chaves: vegetação riparia, vegetação aquatica, modelos, distribuição espacial, 

recuperação de rios 
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Resumo alargado 

Para a gestão e recuperação de ecossistemas fluviais é fundamental compreender e prever a 

distribuição da sua vegetação. Modelos ecológicos podem ajudar neste fim porque permitem 

testar hipóteses relativas ao funcionamento do ecossistema, a definição de referências 

ecológicas para projetos de recuperação e previsões dos impactos ecológicos resultantes de 

cenários de gestão alternativa ou alterações no ambiente. A previsão da distribuição da 

vegetação de sistemas fluviais naturais com modelos estáticos que presumem um equilíbrio 

entre a vegetação e fatores ambientais não parece adequada devido às dinâmicas causadas 

por perturbações hidro-geomorfológicas. Pelo contrário, tem-se teorizado um equilíbrio 

dinâmico em que processos de progressão são compensados por processos de regressão 

resultando em proporções constantes de diferentes habitats. Embora os avanços 

metodológicos na modelação de ecossistemas reflitam um crescente reconhecimento na 

importância de processos dinâmicos, reconhece-se também que várias formas de 

regularização impedem completamente as dinâmicas naturais em muitos rios. Neste 

contexto, a questão de investigação deste doutoramento é a forma como a regulação dos rios 

afeta a distribuição espacial da vegetação ribeirinha (aquática e riparia) e se modelos estáticas 

relativamente simples que assumem equilíbrio entre a vegetação e os fatores ambientais são 

instrumentos adequados para a sua previsão.  

O Capítulo 2 é uma revisão sistemática e quantitativa da literatura em revistas de língua 

inglesa sobre modelos para prever a distribuição da vegetação ribeirinha (aquática e riparia). 

Foi realizado com o objetivo de dar um panorama abrangente dos modelos existentes e 

identificar lacunas de investigação para orientar o desenvolvimento da tese. Foram 

encontradas 41 publicações em revistas de língua inglesa. Através de uma avaliação 

sistemática destas publicações, poderíamos mostrar que o número de modelos para prever a 

distribuição da vegetação ribeirinha está a aumentar em todo o mundo, mas que a 

investigação atual está desproporcionadamente focada na vegetação riparia (>90%) e para 

rios em nações desenvolvidas do hemisfério norte (>90%). Também, um terço de todos os 

modelos baseiam-se no pressuposto do equilíbrio entre fatores ambientais e distribuição de 

vegetação, apesar do reconhecimento da importância da dinâmica da perturbação fluvial. 

Poucos modelos consideraram a simulação dos processos sucessão (4), competição (5) bem 



como os feedbacks entre a hidro-geomorfológia e a vegetação  (2). Menos de 10% de todos 

os modelos foram validados contra dados independentes espaciais.  

O capítulo 3 é uma reação a uma das lacunas de investigação diagnosticadas e quer contribuir 

para a questão de investigação da tese através do desenvolvimento e teste de um modelo 

espacial de adequação de habitat baseado em variáveis hidrológicas para estudar o efeito de 

caudais artificialmente estabilizados (estáticos) durante o período de vegetação sobre a  

vegetação aquática. Os rios mediterrânicos em bacias agrícolas intensivas geralmente exibem 

crescimento excessivo de vegetação aquática – nomeadamente espécies exóticas – devido a 

uma combinação de elevadas concentrações de nutrientes e caudais baixos e estabilizados 

resultantes da abstração da água para a agricultura. Embora a elevada sensibilidade da 

vegetação aquática às condições hidráulicas seja bem conhecida, as abordagens de gestão 

baseadas na gestão de caudais permanecem relativamente inexploradas. O objetivo do nosso 

estudo foi, por isso, aplicar as técnicas de simulação de adequação de habitat promovidas pela 

“Instream Flow Incremental Method (IFIM)” a vegetação aquática – a primeira vez que foi 

aplicado neste contexto – de forma a modelar mudanças na adequação do habitat em 

diferentes cenários de caudal mínimo no rio Sorraia, no centro de Portugal. Usamos 960 

pontos de pesquisa distribuídos aleatoriamente para analisar a adequação do habitat relativo 

aos parâmetros físicos 'velocidade de agua', 'profundidade de água' e 'tamanho do substrato' 

para as espécies aquáticas mais importantes incluindo Sparganium erectum and Potamogeton 

crispus e a invasora Myriophyllum aquaticum. Os nossos resultados mostram que o 

crescimento e a distribuição de macrophytes no período de vegetação hidrologicamente 

estável estão em equilíbrio com as condições físicas locais. Também foi possível determinar 

um caudal anual mínimo que poderia impedir o crescimento excessivo e a invasão por 

Myriophyllum aquaticum. 

O capítulo 4 tinha como objetivo investigar os efeitos da redução das perturbações hidro-

geomorfológicas que a maioria dos grandes rios europeus sofreu durante os últimos séculos 

na trajetória de sucessão da vegetação riparia. Para estudar estes efeitos e criar um mapa de 

referência para projetos de recuperação, calibramos e aplicamos um modelo dinâmico de 

vegetação para reconstruir a dinâmica de sucessão da vegetação riparia de um segmento do 

rio Reno desde pouco depois de ter sido canalizado (1872) até hoje (2016). A calibração do 

modelo baseou-se em mapas e dados hidrológicos históricos. A nossa simulação demonstrou 



 

      

uma progressão constante e unilateral das comunidades de vegetação para fases maduras 

sem regressão a fases mais jovens. Foi possível atribuir este desenvolvimento à falta de 

perturbações morfodinâmicas suficientemente fortes para repor a sucessão e identificar o 

stress fisiológico causado por longos períodos de inundação como o fator de controlo mais 

relevante para a sucessão. A distribuição da vegetação resultante do nosso modelo (2016) 

pode ser considerada uma estimativa da vegetação natural potencial (PNV). A nossa 

abordagem tem a grande vantagem sobre a abordagem tradicional para definir a vegetação 

natural potencial que permite analisar diferentes pontos no tempo, bem como ser abrangente 

e reprodutível. 

A tese culmina no capítulo 5, onde nós, com base nas observações dos capítulos 2, 3 e 4, 

abordamos diretamente a questão de investigação principal de saber como a regulação dos 

rios afeta a distribuição espacial da vegetação ribeirinha  e se modelos estáticas relativamente 

simples que assumem equilíbrio entre a vegetação e os fatores ambientais são instrumentos 

adequados para a sua previsão. Para responder, comparámos os resultados da simulação da 

sucessão da vegetação do capítulo 4 a diferentes abordagens de modelação estatística para a 

distribuição da vegetação riparia e discutimo-los no que diz respeito ao conceito de PNV. A 

validação dos diferentes métodos de estimativa do PNV contra dados independentes e a 

comparação direta dos seus resultados revelaram desempenhos muito semelhantes. Por 

conseguinte, concluímos que, devido à falta de grandes perturbações, a vegetação de grandes 

rios regulamentados atingiu, de facto, um estado de quase equilíbrio com o regime hidrológico 

alterado e que uma perceção estática da sua PNV parece razoável. 

Consequentemente, do ponto de vista de um gestor, em ambientes artificialmente 

estabilizados, como o rio Sorraia em Portugal (capítulo 3) ou o rio Reno na Alemanha (capítulo 

4 e 5) os modelos estáticos parecem ser uma opção adequada para a modelação da 

distribuição da vegetação ribeirinha, uma vez que mostram alta precisão, precisam de 

relativamente poucos recursos (dados, tempo, conhecimento especializado) quando 

comparados com modelos dinâmicos e ainda são reprodutíveis. 

Durante a investigação de doutoramento foram identificadas outras assuntos relativas à 

modelação da distribuição da vegetação ribeirinha que merecem atenção: a) extensão da 

investigação ao hemisfério sul e aos sistemas fluviais de outros biomas que não sejam do clima 

temperado e mediterrânico, b) desenvolvimento de modelos para a distribuição da vegetação 



aquática considerando as dinâmicas fluviais, c) compreender melhor os efeito da variabilidade 

estocástica de caudais e, no que diz respeito à vegetação riparia do fluxo de águas 

subterrâneas nos processos e padrões de vegetação, d) desenvolvimento de modelos que 

incorporem os processos de concorrência, facilitação, e as interações diretas da vegetação 

com processos geomorfológicas (estes processos tornam-se especialmente importantes no 

contexto das invasões de espécies a que os rios são particularmente propensos) e e) validação 

independente de modelos contra dados de diferentes regiões geográficas ou períodos de 

tempo. 
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1 INTRODUCTION 

1.1 Background information 

1.1.1 Riverine Vegetation 

Definition 

The vegetation of the riverine ecosystem can be divided into aquatic and riparian vegetation. 

Aquatic vegetation also referred to as macrophytes or hydrophytes grows within the 

waterway channel and is adapted to permanent inundation and strong 

hydrogeomorphological disturbances (O’Hare, 2015). Based on the growth form they can be 

classified as: submerged plants with roots, floating plants with roots, exclusive floating plants, 

and emergent plants (Den Hartog and Van Der Velde, 1988).  
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Figure 1: Classification of macrophytes according to their growth form, (a) submerged plants 
with roots, (b) floating plants with roots, (c) exclusive floating plants, and (d) emergent plants 

(figure from Schoelynck, 2011) 

 

Another way to group them is based on two distinct strategies to react with the hydrodynamic 

forces in rivers: avoidance versus tolerance strategy (Puijalon et al., 2011). The avoidance 

strategists are characterized by high flexibility which allows them to bend with increasing flow 

velocities thereby reducing the drag force from the flowing water. Macrophytes with the 

tolerance strategy have less capacity to bend but encounter the higher drag forces they 

experience through stiff and strong tissue with a high tensile force. 

Riparian vegetation is more taxonomically diverse compared with instream macrophytes 

(O’Hare, 2015). The word “riparian” has its origins in the Latin term “riparius”, meaning what 

inhabits or belongs to the bank of the river. The riparian ecosystem is found in the transitional 

zone between aquatic and terrestrial ecosystems. Its spatial extent is normally delineated 

from the low watermark towards the uplands until the vegetation is not influenced by floods 

anymore (Naiman and Decamps, 1997). Because of its exposure to hydro-geomorphological 

disturbances (Formann et al., 2014) it contains plant communities significantly different from 

those in upland habitats. The riparian zone and their plant communities can be further 

differentiated based on the dominant fluvial dynamic processes (Gurnell et al., 2016): a) fluvial 

disturbance dominated zone  (coarse sediment erosion and deposition) with riparian and 

emergent aquatic plants tolerant of frequent inundation, scour and burial b) fluvial 
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disturbance dominated zone (fine sediment deposition) with riparian plants tolerant of 

regular inundation and moderate sedimentation, c) inundation dominated zone with riparian 

plants of varying inundation tolerance according to local microtopography, d) soil moisture 

regime dominated (inundation absent or extremely rare)  with plants tolerant of local soil 

moisture/alluvial groundwater regime.  

Importance 

Riverine vegetation is an essential part of a functioning river ecosystem (Tabacchi et al., 1998; 

Allan and Castillo, 2007).  Aquatic vegetation influences the biochemical cycles (Allan and 

Castillo, 2007; Runkel, 2007) and hydraulic condition in the river (O’Hare, 2015). It contributes 

to the oxygen budget of the water (Caraco et al., 2006) which is essential for the survival of 

most aquatic organisms (Franklin, 2014) and needed for the decomposition of organic matter 

(Robarts, 1986). It delivers food and increases the habitat diversity for other water organisms 

(Woodward and Hildrew, 2002; Thomaz and Cunha, 2010). Also, riparian vegetation provides 

habitats and nutrients thereby increasing the biodiversity of the river ecosystem (Tabacchi et 

al., 1998). Riparian vegetation filters pollutants enhancing water quality (Anbumozhi et al., 

2005; Dhote and Dixit, 2009), reduce suspended solids creating less turbid water (Jones et al., 

2012) and reduce sediment input and pollution from overland flow into the waterway (Chase 

et al., 2016). Riparian vegetation shades the water, influencing water temperature 

(Broadmeadow et al., 2011). Both aquatic and riparian vegetation strongly affect the 

geomorphodynamics of the river system through trapping sediments and stabilizing substrate 

(Gurnell et al., 2006) and act as ecosystem engineers (Corenblit et al., 2009b; O’Hare et al., 

2012). During floods, riparian vegetation reduces surface and channel bank erosion and 

consequently the potential flood damage (Croke et al., 2017). Another service of riverine 

vegetation directly valued by human societies is the provision of suitable areas for recreational 

use (Flather and Cordell, 1995; Holmes et al., 2004).  
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Pressures 

Due to the availability of water, fertile lands and the variety of other ecosystem services fluvial 

landscapes have been the origin of most early civilizations and urban developments. However, 

the rise of human societies along riverbanks also caused an impact on the ecosystem, 

especially since the industrialization (Keddy, 2010). 

Anthropogenic land-use of the floodplains and river flow regulation measures have the biggest 

effect on the riverine ecosystem decline (Tockner and Stanford, 2002; Vörösmarty et al., 

2010). It is estimated that 90% of the river floodplains in Europe and North America have been 

transformed due to agriculture use or forestry (Tockner and Stanford, 2002). The large-scale 

application of fertilizers and pesticides in combination with other pollution sources such as 

atmospheric deposition has also resulted in widespread contamination of aquatic ecosystems 

(Woodward et al., 2012). In addition, the physical environment of the riverine ecosystem has 

completely changed. Most rivers in North America and Europe are affected by channelization, 

fragmentation through dams and water regulation resulting from reservoir operation, 

interbasin diversion, and irrigation (Tockner and Stanford, 2002; Nilsson et al., 2005) which 

cause an impediment of hydrogeomorphological processes (e.g. avulsion, meandering, 

braiding) and decrease of hydrodynamic variability (Church, 1995; Kikyo et al., 1999; 

Magilligan and Nislow, 2005; Petts and Gurnell, 2005).  

The combination of altered site conditions with the introduction of species has also caused 

widespread invasions in riverine ecosystems because they are especially vulnerable due to 

facilitated transport of propagules, flooding disturbance and water availability (Pysek and 

Prach, 1993). 

The physical habitat of riverine vegetation 

The organization and dynamics of both, aquatic and riparian vegetation, in the riverine 

ecosystem are strongly related to fluvial processes  (Poff et al., 1997; Franklin et al., 2008) 

(Figure 2). 
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Figure 2: Interaction between fluvial processes and vegetation dynamics (adapted from 
Corenblit et al., 2007) 

 

Frequency, duration and intensity of flood events determine biomass loss and gain processes 

of aquatic vegetation (Riis and Biggs, 2003; Franklin et al., 2008). Whereas loss processes are 

caused by increased drag forces during high flood events that cause steam breakage and 

uprooting of the plants, biomass gain processes happen in the absence of disturbances during 

medium to low flow conditions (Riis et al., 2008). Macrophyte dispersal relies mainly on water 

drift, and thus on seed buoyancy and on the ability of plants to break themselves up and 

regrow vegetative propagules (Bornette and Puijalon, 2011). Successful colonization of 

macrophytes is controlled by flood frequency because prolonged periods of hydrological 

stability are required for macrophyte propagules to settle and develop to substantial levels of 

cover  (Biggs, 1996; Riis and Biggs, 2003; Riis et al., 2008). In these stable interflood periods, 

macrophyte growth is controlled by several physical and chemical factors, including flow 

velocity and depth (Chambers et al., 1991; Riis and Biggs, 2003), light availability (Carr et al., 

1997; Köhler et al., 2010), water temperature (Barko et al., 1986; Carr et al., 1997), and 

riverbed grain size (Baattrup-Pedersen and Riis, 1999), as well as the nutrient content of the 



 

 

 

34 

 

34 Modeling the Distribution of Riverine Vegetation 

riverbed and water (Barko et al., 1986; Demars and Edwards, 2009). However it has been 

argued that water velocity is the main factor in regulating aquatic macrophyte distribution, 

composition and biomass in rivers (Barko et al., 1986; Chambers et al., 1991; Riis and Biggs, 

2003). Normally both the abundance and diversity of macrophytes are stimulated at low to 

medium velocities, and growth-restricted at higher velocities (Madsen et al., 2001). 

Also, riparian vegetation dynamics are strongly influenced by the flow regime (Poff et al., 

1997). The external, hydrogeomorphic processes (habitat creation, partial or total destruction 

of adult vegetation, dispersal of diaspores) and internal processes controlling succession 

(germination, growth, competition, facilitation) depend primarily on the transverse (from 

channel to floodplain) hydrogeomorphic disturbance gradient that controls the frequency, 

duration amplitude and timing of floods and related fluvial processes as a function of the 

floodplain topography (Junk et al., 1989; Poff et al., 1997; Corenblit et al., 2007).  
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Figure 3: Influence of fluvial processes on vegetation dynamics along the transverse gradient. 
Gray arrows demonstrate the fluvial control on vegetation processes (size of the arrows 
indicates the magnitude of the control). Dark arrows demonstrate the time and spatial 

evolution toward the vegetation succession (adapted from Corenblit et al., 2007) 

 

Plant propagation and dispersal in the riparian corridor are both controlled by floods. During 

floods, water flow becomes the principal agent of diaspore transport within fluvial corridors, 

a dissemination process called ‘hydrochory’. Hydro-geomorphological disturbances caused by 

floods create new possible colonization sites through alluvial deposition and removal of 

vegetation on pre-existing sites. The deposition of diaspores during the decline of water levels 
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after floods along the alluvial fringe is controlled by floodplain topography and roughness 

(Andersson et al., 2000; Gurnell et al., 2006).  

After dispersal follows the recruitment (germination and seedling survival) phase. Initial 

vegetation is very sensitive to soil moisture variations (Johnson, 2000). As described in the 

‘recruitment box model’ developed for temperate river systems successful recruitment 

through seeds is limited to a time window and height band of optimal soil moisture after 

receding floods (Mahoney and Rood, 1998). The seed release of most riparian species is 

synchronized with the flow regime (Boedeltje et al., 2004; Stella et al., 2006). Asexual 

propagation follows a similar trajectory, in which plant parts are ripped off and dragged away 

by floods and start fixing roots when washed up again on new sites after the flood withdrew 

(Barsoum, 2001; Boedeltje et al., 2004; Science et al., 2005). Successful recruitment also 

depends on sediment and organic matter erosion and deposition. On one hand, sediment 

deposition can provide new colonization sites with optimal conditions of moisture and 

nutrient for germination and initial plant development (Barsoum, 2001) but it can also inhibit 

recruitment through burying seedlings. Mobilization of sediments can uproot seedlings and 

destroy the seed bank (Goodson et al., 2001). 

After successful recruitment growth and succession are further controlled by the flow regime. 

The concept of succession describes the change of vegetation communities over time. 

Succession usually begins with the disturbance of a pre-existing ecosystem, followed by 

recovery. In the absence of further disturbance, succession culminates in a stable climax stage 

(Egger et al., 2013). In the riparian ecosystem the main controlling parameters are flood 

frequency, duration, intensity and timing (Osterkamp and Hupp, 2010; Formann et al., 2014). 

Floods cause disturbances through vegetation uprooting, stem breakage and entrainment, 

burial through sediments or anoxia through flooding (Bendix and Hupp, 2000). Periodic 

disturbances by floods slow down or reset successional progression. The degree of regression 

depends on the intensity of the disturbance and the vegetation resistance. The frequency of 

the disturbance is counterbalanced by the vegetation recovery. Frequency and intensity of the 
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disturbance act as antagonists of vegetation resistance and recovery time which both depend 

on the life stage and mechanical properties of plant species (Formann et al., 2014). 

Riverine vegetation also controls sediment erosion, transport and deposition processes 

through its resistance to flow and the capacity of its roots to modify substrate erodibility (Nepf 

and Vivoni, 2000; Gurnell et al., 2006). The impact of vegetation on the sediment dynamics 

also leads to changes in river morphology (Corenblit et al., 2009b; Gurnell et al., 2012). At the 

interface between the riparian zone and the low flow channel certain plant species act as 

physical ecosystem engineers, trapping and stabilizing sediments and plant propagules 

thereby facilitating plant establishment and colonization by other plant species to build 

pioneer landforms, which in consequence affects the dynamics of fluvial landforms on large 

scale (Corenblit et al., 2009a). 

1.1.2 Modeling the distribution of riverine vegetation  

Ecological models 

Ecological models are tools that can help researchers and decision-makers understand 

ecosystem functioning, improve their knowledge about species distribution, allow predictions 

of the ecological impacts resulting from alternative management and provide the possibility 

to define ecological reference (null models) for restoration wherever natural references do 

not exist (Hannon and Ruth, 1998; Franklin, 2010; Schmolke et al., 2010). Their main 

advantage when compared to actual physical experiments is that they need less time and 

financial inputs. In ecological modeling, two fundamentally different approaches may be 

applied to model species distributions: static models and dynamic models (Hannon and Ruth, 

1998).  

Static models describe a phenomenon at a given point in time and assume equilibrium 

between the phenomenon and its environment. Their most basic form are zonation or 

gradient models, that divide biomes into zones based just one environmental factor, e.g. 

altitude, latitude, temperature or other biotic factors. Nowadays, the most widely applied 

type of static models are species distribution models (SDMs) or habitat suitability models 
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(HSMs), which are statistical tools that associate a given response variable (e.g. the occurrence 

of a species) with a combination of environmental variables (e.g. temperature, precipitation) 

(Guisan and Thuiller, 2005). However, the form response and predictor variables are related 

differs greatly between statistical approaches (Guisan and Zimmermann, 2000). Common 

model types are Generalised Linear Models (GLM), Generalised Additive Models (GAMS), 

Neural Networks and machine-learning algorithms such as Boosted Regression Trees (BRT), 

random forests or the maximum entropy approach (Maxent) (Franklin, 2010). Common 

methodological issues of statistical models include model and predictor selection (Araújo and 

Guisan, 2006), spatial autocorrelation (Segurado et al., 2006; Dormann, 2007) as well as 

collinearity (Dormann et al., 2013) and overfitting (Merow et al., 2014). Additional uncertainty 

sources that affect all statistical models are data deficiencies (e.g. missing predictors, small 

sample size) and erroneous model specification (Barry and Elith, 2006). More importantly, 

several principal assumptions of static models limit their applicability in studies of 

environmental change (e.g. climate change, environmental flow scenarios)  (Guisan and 

Thuiller, 2005; Araújo and Guisan, 2006). First, they assume equilibrium condition which is 

violated per se when studying responses to environmental change. Second, they assume the 

stationarity of estimated statistical relationships across space and time (Miller, 2012) which 

limits their extrapolation capacity to other regions (Randin et al., 2006) and time (Dobrowski 

et al., 2010). Also, they are incapable to distinguish between observed absences due to 

physiological limitation (fundamental niche) and those due to biotic pressure from other 

species, dispersal limitation or effects of past disturbances (realized niche) (Peterson et al., 

2011). 

Dynamic models (e.g. process-based models or mechanistic models) are based on ecological 

processes and differ from static models by explicitly incorporating time-dependent changes in 

the system state. Therefore they are able to capture the transient response of vegetation to 

a changing environment (Hannon and Ruth, 2014). For example, transient dynamics, such as 

succession or recovery from a disturbance that are build on simulations over time in which 

previous time steps have an impact on the present and future time step. But dynamic models 

also show certain limitations that distinguish them from static models. They require more 
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ecological information about the modeled species and processes. And they are often more 

complex therefore requiring more expert knowledge and computational effort than static 

models. However, if all relevant processes are represented with adequate detail and accuracy, 

dynamic models are expected to be superior to purely statistical models when applied for 

extrapolation tasks (Gustafson, 2013).  

The dichotomy of the two modeling approaches and their adequate application has also been 

discussed in more depth by other authors (Peng, 2000; Zurell et al., 2009; Dormann et al., 

2012; Gustafson, 2013).  

A short history of modeling the distribution of riverine vegetation  

Most models to predict the spatial distribution of macrophytes were developed for lentic 

systems. The first to emerge were gradient approaches linking macrophyte occurrence to 

water depth (Spence and Chrystal, 1970; Chambers and Kaiff, 1985). With the rising popularity 

of correlative species distribution models (SDMs) (Guisan et al., 2013) more advanced 

statistical models were developed considering multiple variables also reflecting the effects of 

eutrophication (Scheffer et al., 1992; Remillard and Welch, 1993; Lacet et al., 2019). Dynamic 

approaches were used to model macrophyte growth over time (Titus et al., 1975; Scheffer et 

al., 1993; Best et al., 2001), but not spatially. Recent dynamic approaches to simulate the 

spatial growth of macrophytes were cellular automata models (Li et al., 2010; Lin et al., 2011). 

However, for lotic systems the only models of macrophyte distribution were developed in the 

last decades and are correlative (Sousa et al., 2009; Spencer and Carruthers, 2013; Zefferman 

and Harris, 2016; Tinoco et al., 2017). 

The first approaches that were developed to explain riparian vegetation patterns were also 

gradient approaches along vertical (height above channel) and lateral (distance away from 

channel) gradients (Hosner and Minckler, 1963; Nixon et al., 1977; Robertson et al., 1978; 

Hughes, 1988; Bowman and Mcdonough, 1991; Glavac et al., 1992; Ward and Stanford, 1995). 

The next group of models that emerged focused on the distribution of vegetation in response 

to hydrodynamics, and were usually based on rules that relied on expert knowledge or empiric 

observations (Lenders et al., 2001; Aggenbach and Pelsma, 2003; Runhaar, 2003; Baptist et 
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al., 2004) or statistical relations (Franz and Bazzaz, 1977; Auble et al., 1994; Menuz, 2011). 

Process-based models that use a rule system or equations to simulate processes such as 

growth and mortality, recruitment, succession (progression/retrogression) and competition 

are a more recent development (Pearlstine et al., 1985; Camporeale and Ridolfi, 2006; 

Benjankar et al., 2011; García-Arias and Francés, 2016).  

The first attempts to incorporate feedbacks from vegetation on hydrodynamics were through 

quantifying the flow resistance of vegetation in streams. Until today the Manning equation 

represents the most used resistance measure for vegetated channels (Shields et al., 2017). 

Different manning's roughness coefficients are normally used to distinguish the flow 

resistance in the channel from the floodplain in hydrodynamic models (Arcement and 

Schneider, 1989). However, this approach considers vegetation as a static element that 

ignores that parameters like vegetation geometry, flow velocity, flow depth and flow regime 

are dynamic, interacting variables (Horritt and Bates, 2002; Shields et al., 2017). More recently 

models have been developed that incorporate a more dynamic view of the interaction 

between vegetation growth and hydrodynamics as well as some feedbacks on sediment 

transport (Hooke et al., 2005; Camporeale et al., 2013; Bertoldi et al., 2014; Oorschot et al., 

2016). But due to the complexity of the involved processes, these models cover only narrow 

aspects of these interactions (Camporeale et al., 2013; Solari et al., 2016).  

1.2 Thesis objectives and outline 

Objectives 

The modeling of the distribution of vegetation of natural river systems with approaches that 

assume a static equilibrium between environmental factors and vegetation does not seem 

reasonable because of the hydro-geomorphological disturbances dynamics (Pringle et al., 

1988). On the contrary, a dynamic equilibrium has been theorized in which processes of 

progression are compensated by regression thereby creating constant habitat proportions on 

larger scale (Bormann and Likens, 1979; Stanford et al., 2005; Geerling et al., 2006). While 
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methodological advances reflect the growing recognition in the importance of accounting for 

dynamic change in vegetation modeling, it is also recognized that various forms of river 

regulation have completely disrupted the natural dynamics in many rivers (Dynesius and 

Nilsson, 1994; Buijse et al., 2002). In this context and in line with the aims of the doctoral 

program FLUVIO to contribute to the scientific knowledge about river management and 

restoration the presented PhD research has the overall objective to explore different modeling 

approaches that could help river managers to make predictions about the distribution of 

riverine vegetation in regulated river systems. The underlying research question is how river 

regulation affects the patterns of aquatic and riparian vegetation and whether the assumption 

of equilibrium between vegetation and environmental factors inherent of static models can 

be justified due to the reduction of fluvial dynamics. More specifically the objectives are: 

 

• Identify research gaps in the scientific research on modeling the distribution of 

riverine vegetation,  

 

and then, in an effort to answer to some of these gaps, as well as contributing the 

overall research question  

 

• Develop and test a species distribution model to study the effect of regulated, 

stable minimum flows on the invasion and proliferation of aquatic vegetation,  

• Reconstruct the influence of heavy regulation measures on the succession 

trajectory of riparian vegetation using a dynamic succession model and identify 

the ecological key processes that control it  

• Investigate to which degree the consideration of succession dynamics, time-

dependent habitat turnover and fluvial disturbance stochasticity are relevant for 

the model based prediction of the distribution of riparian vegetation 
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Outline 

As a cumulative dissertation, the body of this thesis consists of four self-contained articles 

stating the original research carried out to answer the thesis objectives (chapters 2-5).  They 

are preceded by an introduction (chapter 1) and followed by a final conclusion (chapter 6 ). 

  

Chapter 1 provides the essential background for the understanding of the thesis context and 

the research performed. 

Chapter 2 is a systematic, quantitative literature review in peer-reviewed English speaking 

journals about the scientific research on modeling the distribution of riverine vegetation on 

reach scale. 

Chapters 3 has been published in Frontiers in Plant Science. It is a first-time application of the 

habitat suitability modeling techniques promoted by the Instream Flow Incremental Method 

(IFIM) to aquatic macrophytes with the aim to investigate how artificially stabilized summer 

low flows common for Mediterranean rivers in agricultural watersheds can trigger excessive 

growth and invasion of aquatic macrophytes. 

Chapter 4 has been published in River Research and Applications. Based on historical maps 

and discharge data a dynamic succession model was parameterized to investigate how typical 

regulations measures of large rivers in the 19th century influenced the succession trajectory of 

floodplain forests until today. 

Chapter 5 has been published in Hydro-Environment Research. Through the application of 

different static and dynamic modeling approaches to the same reach and the comparison of 

their results it investigates whether the consideration of succession dynamics, time-

dependent habitat turnover and fluvial disturbance stochasticity are relevant for the model-

based prediction of the distribution of riparian vegetation or whether the assumption of a 

static equilibrium between vegetation and its hydrological control factors may be justified. 

The final chapter 6 presents the main results, how they relate to the thesis objective and the 

consequent conclusions of this thesis. 
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2 PREDICTING SPATIAL PATTERNS OF 

RIVERINE VEGETATION: CURRENT 

LITERATURE AND FUTURE 

DIRECTIONS 

2.1 Abstract 

For conservation, restoration and management of the riverine ecosystem it is fundamental to 

understand and predict the distribution of the its vegetation (aquatic and riparian). Using a 

systematic, quantitative literature review we identified 41 publications in peer-reviewed 

English speaking journals where models have been used to help with this task on reach scale. 

Through a systematic assessment of these publications, we could show that the number of 

publications and case studies is increasing across the globe but that current research is 

disproportionately focused on riparian vegetation (>90%) and towards rivers in developed 

nations of the northern hemisphere (>90%). 31 unique models could be distinguished. 

Surprisingly one-third were based on the assumption of equilibrium between environmental 

factors and vegetation distribution despite the recognition of the importance of fluvial 

disturbance dynamics. Few models considered the simulation the processes succession (4), 

competition (5) as well as the feedbacks between hydro-morphology and riverine vegetation 

(2). Less than 10% of all models were validated against spatial independent data. This review 

provides evidence of important research gaps. 

 

Key words: aquatic vegetation, riparian vegetation, review, model, distribution  
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2.2 Introduction 

Aquatic and riparian vegetation are an essential part of the river ecosystem (Tabacchi et al., 

1998; Allan and Castillo, 2007). Their organization and dynamics are both strongly related to 

the flow regime  (Poff et al., 1997; Riis and Biggs, 2003). However, in many rivers various forms 

of river regulation have completely altered their physical environment (Dynesius and Nilsson, 

1994; Buijse et al., 2002). For management, conservation and restoration it is therefore 

fundamental to understand and predict the spatial pattern of the riverine vegetation 

(Arthington et al., 2010; Franklin, 2013). Ecological models can help this purpose because they 

allow the testing of hypothesis regarding the functioning of the ecosystem, the definition of 

ecological references (null models) for restoration and predictions of the environmental 

impacts resulting from alternative management scenarios or changes in the environment 

(Franklin, 2010; Schmolke et al., 2010). Their main advantage when compared to actual 

physical experiments is that they need less time and financial inputs (Hannon and Ruth, 1998). 

In this study we did a systematic, quantitative review of English language papers published in 

peer-reviewed academic journals about modeling the distribution of riverine vegetation on 

reach scale to quantitively analyze: (1) the general information of the publication featuring a 

model, (2) the scope of model application, (3) the different modeling approaches and models, 

(4) the model parameters and (6) the model validation strategy.  

The overall objective is to give a comprehensive overview on where, how and for what reasons 

the spatial distribution of riverine vegetation has been modeled and what appear to be gaps 

in the research literature. 

 

2.3 Methodology 

 

The data for this review was retrieved from three databases Web of Science, Scopus and 

Google Scholar between June and September 2017. Two separate search queries were made, 



 

 

61 

 

61 Predicting spatial patterns of riverine vegetation: Current literature and future directions 

one for publications regarding macrophytes and one for riparian vegetation. Synonyms for 

model (or “simulation” or “prediction”) and distribution (or “pattern”) and river (or "stream" 

or "creek") were either combined with synonyms for “aquatic macrophytes” (or 

“macrophytes” or “aquatic vegetation” or “aquatic plants”) or for “riparian vegetation” (or 

“riparian forest” or “floodplain forest” or “floodplain vegetation”). Because Google Scholar 

doesn’t allow for nested searches just the most common terms defining the research topic 

were combined (macrophytes or “riparian vegetation” with model, distribution and river) and 

only the first 400 hundred results ordered by relevancy were analyzed. 

We followed the protocol developed by the Preferred Reporting Items for Systematic Review 

Recommendations (PRISMA) (Moher et al., 2015). First titles and journal information were 

screened to remove duplicates and grey literature (not published in peer-reviewed journals). 

Then the title, keywords and abstracts and in a second step the full text of the remaining 

publication were analyzed to remove all publications not describing predictive models of the 

spatial distribution of single species or species groups at reach/segment scale (1-100 km2, 

Gurnell et al., 2015) in river systems. Publications belonging to the same model were grouped 

so that the number of unique models that have been developed as well as the number of 

model applications and case studies could be counted. 

For each eligible publication the basic data on the paper itself, including the year of 

publication, author(s), and journal title was inserted into a specific database. We distinguished 

between different research goals: Theoretical ecology, model development, evaluating model 

implementations, helping design conservation planning strategies, estimating the impact of 

dam operations and estimating the impact of climate change. 

The country, geographical location and biome (Olson et al., 2001) of the study site/s of each 

model application was entered into the database.  We characterized the river systems of the 

study sites by their catchment size and altitude based on the European river typology (Water 

Framework Directive 2000/60/EC). The Catchment area was classified in small (10 to 100 

km2), medium (100 to 1000 km2), large (1000 to 10 000 km2) and very large (> 10 000 km2). 

Regarding the altitude the following classes were registered: high ( > 800 m), mid-altitude (200 

to 800 m) and lowland (< 200 m).  
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Static or dynamic models were distinguished based on whether they incorporate time-

dependent changes in the system state or not (Hannon and Ruth, 1998). Within these two 

categories different modeling approaches were recognized: Static, expert-based models, 

correlative models and process-based models either based on equations or rules (Dormann et 

al., 2012; Peterson et al., 2015). The response variable was classified as being either single 

species or some kind of species group (e.g. functional types, plant sociological units). The 

environmental variables affecting vegetation were described through the following 

categories: chemical and physical water attributes (e.g. turbidity, nutrient content, 

temperature), chemical and physical soil attributes (e.g. nutrient content, organic matter, 

texture), meteorological variables (e.g. temperature, photosynthesis active radiation, 

precipitation), topographic variables (e.g. elevation, distance to channel), variables describing 

the flow or flood regime (e.g. flood duration, water table) and variables related to the 

groundwater table. For the process-based models we also registered which vegetation 

processes were considered: colonization/recruitment, growth, succession, competition, 

mortality and feedbacks between vegetation and geomorphologic processes 

(sedimentation/erosion). 

Lastly, we assessed whether each unique model had been validated in a case study. We 

differentiated between 4 validation strategies with increasing robustness (Roberts et al., 

2017): no validation at all, validation by resubstitution where calibration equals validation 

data, validation against hold-out data where a subset of the data (spatial and/or temporal) is 

retained randomly or manually and validation against truly independent data.  
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2.4 Results 

Overall 41 journal articles in international peer-reviewed journals about modeling the spatial 

distribution of riverine vegetation on reach scale were identified, 37 regarding riparian 

vegetation and only four regarding aquatic macrophytes (Figure 4, see Table D1 and D2 for a 

summary of the complete database). The main reasons for exclusion of a publication from the 

database were: a) not published in a peer-reviewed journal, b) not about lotic systems, c) 

model developed for different scale than reach scale, d) not a predictive model and e) model 

output not spatially distributed. 

 

 

Figure 4: Flowchart outlining the selection process of original research papers following the 
Preferred Reporting Items for Systematic Review Recommendations (PRISMA). In blue: 

number papers regarding aquatic macrophytes; in green: papers regarding riparian 
vegetation 
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The identified articles were published in 25 different peer-reviewed journals. Only the group 

of journals with a focus on aquatic science (River Research and Applications, Hydro-

environment Research, Ecohydrology, Water Resource Research) stood out with overall 

twelve publications (Figure 5). An obvious upward trend regarding the number of publications 

per decade could be observed (Figure 6). Whereas in the 70ies and 80ties only one article was 

published per decade in the 2010s there were 21. For aquatic vegetation the research goals 

were divided equally between theoretical ecology and conservation planning.  The most 

common research goal for publications regarding riparian vegetation was “model 

development” shared by 17 publications (Figure 7). In eight cases the goal was the assessment 

of the impact of altered hydrologic regimes through dam operations. Other research goals 

were about the impact of climate change, conservation planning, the testing of ecological 

theories or the validation of model implementation.  

 

 

Figure 5: Number of publications (>= 2) regarding the distribution of riverine vegetation per 
journal (blue: aquatic macrophytes; green: riparian vegetation) 
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Figure 6: Number of papers per decade (blue: aquatic macrophytes; green: riparian 
vegetation) 

 

 

Figure 7: Number of publications per research goal (blue: aquatic macrophytes; green: 
riparian vegetation) 
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Geographic scope and characterization of river systems 

Concerning aquatic vegetation the four identified publications also presented four 

independent case studies of model applications in distinct geographic locations (Figure 8): 

three in North America and one in South America. Four different biomes were represented: 

temperate broadleaf & mixed forests, mediterranean forests, woodlands & scrub, temperate 

conifer forests and tropical & subtropical moist broadleaf forests. The study sites ranged from 

lowland to high altitude rivers. The catchment size of the modeled river systems was large or 

above. All case studies were affected by flow regulation (Table 1). 

For riparian vegetation 37 case studies were counted (Figure 8). Nineteen were found in 

Europe, ten in Asia and eight in North America. Most models were applied in river systems in 

temperate broadleaf forests (19). Mediterranean forests counted nine applications, followed 

by temperate grasslands and savannas with three and deserts and xeric shrublands, 

temperate conifer forests and subtropical moist broadleaf forest with two applications each. 

Most of the study sites were in large (11) or very large catchments (17) and lowland rivers 

(18). The majority of the analyzed river system (34) were regulated and ten study sites were 

also channelized. Only three model case studies were in free-flowing, not obstructed rivers 

(Table 1). 

A strong bias towards model application in the northern hemisphere could be noticed with 

only one case study in the southern hemisphere (Figure 8). 
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Figure 8: Biomes of the world and the location of model applications for macrophyte and 
riparian  

 

 Aquatic vegetation Riparian Vegetation 

Catchment size   

Small - 1 

Medium - 8 

Large 2 11 

Very large 2 17 

Altitude   

Low 1 18 
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Mid 2 10 

High 1 9 

Regulation measures   

Flow regulation 4 24 

Flow regulation and 

Channelization 
- 10 

Free-flowing - 3 

Table 1: Characterization of the river systems of the case studies 

Model types and approaches 

Four unique models to predict the spatial distribution of macrophytes in river systems were 

identified (Table 2). All models were correlative approaches. In three cases the response level 

was single species and in one case a species group (submerged macrophytes). Of the four 

models three were validated against a hold-out sample, and one was not validated at all. 

Within the 37 publications regarding the modeling of riparian vegetation 27 unique models 

were identified (Table 2). The majority of model types were dynamic (17). Twelve times the 

processes were described by equations and five times through a set of rules. Static approaches 

were used in seven cases to predict the spatial distribution of macrophytes within the 

floodplain, five times statistically and three times by expert knowledge. Most models looked 

at the distribution of species groups (18) and ten predicted the distribution of single species. 

From the 27 models eleven were not validated in any case study, seven were validated 

through resubstitution, five against a hold-out sample and four against independent data. 
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Aquatic vegetation Riparian vegetation 

 

Expert-based (static) - 3 (van Ek et al., 2000; Aggenbach and 

Pelsma, 2003; Benjankar et al., 2014) 

Correlative (static) 

4 (Sousa et al., 2009; 

Spencer and Carruthers, 

2013; Zefferman and 

Harris, 2016; Tinoco et 

al., 2017) 

7 (Franz and Bazzaz, 1977; Auble et al., 

1994; Toner and Keddy, 1997; Chiarello 

et al., 1998; Hettrich and Rosenzweig, 

2003; Hoffman et al., 2008; Ye et al., 

2013) 

Process-rule-based  5 (Baptist et al., 2004; Hooke et al., 

2005; Benjankar et al., 2011; Harper et 

al., 2011; Asaeda et al., 2015) 

Process-equation-

based 
 

12  (Pearlstine et al., 1985; Hanson et al., 

1990; Schaepman et al., 2007; Loheide 

and Gorelick, 2007; Chen and Ye, 2008; 

Kooistra et al., 2008; Liu et al., 2012; 

Perona et al., 2012; Ye et al., 2013; 

García-Arias et al., 2013; García-Arias 

and Francés, 2016; Oorschot et al., 

2016) 

Table 2: Quantitative overview of modeling approaches and unique models (first-time 
publication). For the complete list of publications see Table D1 and D2 
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Variables and processes 

For the distribution of aquatic vegetation three out of the four models used water attributes 

as predictors. Soil attributes and the hydrological variables water depth and flow velocity were 

used by two models (Table 3).  

Of the 17 dynamic models regarding riparian vegetation, 14 considered the process of 

colonization/recruitment and 13 vegetation growth and mortality (Table 3). Five models 

regarded the succession of plant communities. Six models considered interspecific 

competition (6). By far the most frequently used variables to explain the distribution of 

riparian vegetation were hydrological (26). 18 times the variables described aspects of the 

flow or flood regime and in eight cases the groundwater table.  Other variables considered 

important were topographic (15) and soil related (13).  

 

 Aquatic vegetation Riparian vegetation 

Vegetation processes   

Dispersal 0 2 

Colonization/ recruitment 0 14 

Growth/mortality 0 14 

Succession 0 4 

Competition 0 6 

Hydrogeomorphological 

feedbacks 
0 2 

Environmental Variables   

Soil attributes 2 13 

Water attributes 3 0 

Climatological 1 2 



 

 

71 

 

71 Predicting spatial patterns of riverine vegetation: Current literature and future directions 

Topographic 1 14 

Hydrological   

Flow/flood regime 2 17 

Groundwater regime 0 7 

Table 3: Quantitative analyses of different processes and variables used by the models 

 

2.5 Discussion 

 

This systematic quantitative literature review assessed the current literature in English 

language journals on modeling the spatial distribution of riverine vegetation on reach scale. 

Thereby it has provided an overview of where and how this task has been accomplished and 

what appear to be gaps in the research literature. Our focus was on reach scale models 

because it is the most relevant scale for the majority of river restoration projects (Bernhardt, 

2005) and because a similar scale was necessary for the comparison of the modeling 

approaches and their parameters (Getz et al., 2018). 

Our method is based on an approach used in other systematic quantitative literature reviews 

(Pickering and Byrne, 2014) including species distribution modeling (Robinson et al., 2017). 

Concentrating on peer-reviewed academic journals enabled us to use a consistent sampling 

method to detect literature that contains similar levels of detail about the models and 

complies with standards of research. We note, however, that the identified publications may 

not reflect the full scope of models. For example, we only included papers written in English 

as more than 90% of scientific papers are in English (Hamel, 2007). Although our selection 

included the most common scientific databases (Falagas et al., 2008) we are aware that some 

models could have been published in journals that are not indexed by them. We also did not 

include grey literature such as technical manuals or project reports because it is often not 

publicly available, is written in other language then English and is not included in online 
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searchable databases. Also there can be less consistency in the details provided within grey 

literature about how research was conducted and data analyzed and the work often have not 

been subject to peer review.  

Few models on the spatial distribution of aquatic vegetation 

We found only four papers about modeling the spatial distribution of aquatic vegetation on 

reach scale as opposed to 37 regarding riparian vegetation. Some models were not included 

in our data base because they were developed for very large spatial scales like a whole river 

system, country or continent (e.g. Barendregt and Bio, 2003; Makkay et al., 2008; Rääpysjärvi 

et al., 2016; Son et al., 2018). However, the vast majority of models for aquatic vegetation that 

appeared in our search queries were developed for lakes (e.g. Narumalani et al., 1997; Van 

Den Berg et al., 2003; Vis et al., 2003) or estuaries (e.g. Cerco and Moore, 2001; Kotta et al., 

2014). That was surprising because the importance of aquatic vegetation for a functioning 

river ecosystem is also highly recognized, e.g. in regard to habitat and nutrient provision 

(Woodward and Hildrew, 2002; Thomaz and Cunha, 2010) or hydro-geomorphological 

feedbacks (O’Hare, 2015; Gurnell, 2016). Furthermore, because the natural composition and 

distribution of macrophytes is strongly influenced by anthropogenic disturbances such as 

eutrophication (Jones et al., 2002; Mainstone and Parr, 2002) and flow regulation (Riis and 

Biggs, 2003; Franklin et al., 2008) in many rivers excessive growth and species invasion become 

a management problem (Madsen, 2000; Hussner et al., 2017) and consequently an interesting 

case for model application. We can only speculate but one reason why fewer models for 

aquatic vegetation exist could be that the aquatic zone of rivers is less threatened by 

competing land-use change than the riparian zone. Another reason might be that model 

calibration and validation data (e.g. aerial photos, field sampling) for aquatic vegetation is 

more difficult to obtain than compared to riparian vegetation (Vis et al., 2003).  

Although much higher, we also found the number of models that fit our criteria to predict 

riparian vegetation distribution at reach scale unexpectedly low. But some interesting and 

frequently discussed modeling approaches, such as the models by Camporeale and Ridolfi 
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(2006), Lytle and Merritt (2004) or Glenz et al. (2008) although contributing to the 

understanding riparian vegetation response to fluvial processes are not spatially explicit or 

only at an abstract scale that has limited value as planning basis for applied conservation and 

restoration projects. 

Model application is geographically limited 

Model development and applications showed a strong bias towards the northern hemisphere, 

none for riparian vegetation and only one aquatic vegetation model was counted in the 

southern hemisphere (Sousa et al., 2009, Brazil). Possible explanations include: (1) fewer 

researchers and research funding in the countries of the southern hemisphere (Pasgaard and 

Strange, 2013), (2) the dominance of the English language in academic publishing (Hamel and 

Metropolitana, 2007; Salager-Meyer, 2008), (3) higher rates of citation/impact for American 

journals (Anderson-Levitt, 2014) and (4) social biases affecting the perceived importance and 

quality of research from different regions/languages (Salager-Meyer, 2008; Ferguson et al., 

2011).  

Static models in dynamic systems 

It was surprising that over one-third of the models chose a static approach. Many studies 

confirm that the spatial patterns of riverine vegetation are an evident indication of its 

sensitivity to dynamic and stochastic river-induced disturbances (Pringle et al., 1988; Hupp 

and Osterkamp, 1996; Mahoney and Rood, 1998; Riis et al., 2008; Paice et al., 2016) that 

constantly rejuvenate and reset successional sequences (Formann et al., 2014). Static models, 

however, assume equilibrium between the vegetation and its environment (Franklin, 2014). 

Their suitability for predictions in dynamically changing systems is therefore questionably 

(Zurell et al., 2009; Dormann et al., 2012). One reason why they are still frequently applied 

might be that static models in general need less data, know-how and time to be set up 

(Hannon and Ruth, 1998) and became very popular during the last decade (Guisan et al., 

2013). It also raises the question, whether the application of static models could be justified 
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because 90% of all case studies were in regulated rivers with reduced natural dynamics 

(Nilsson and Berggren, 2000; Magilligan and Nislow, 2005; Petts and Gurnell, 2005). 

Neglected processes and variables 

Only two out of four aquatic vegetation models predicted the distribution in relation to 

hydrologic variables even though most research indicates that in rivers macrophyte 

distribution is also controlled by the hydraulic instream condition (Riis and Biggs, 2003; 

Franklin et al., 2008; O’Hare, 2015). Also we found none process-based model for aquatic 

vegetation. 

All riparian vegetation models were based on hydrologic variables related to the flow and/or 

groundwater regime. Less than 30% of riparian vegetation models accounted for the 

processes of succession or competition in the floodplain although under less disturbed 

conditions these are considered the dominating processes of vegetation dynamics (Tabacchi 

et al., 1998; Brooker et al., 2008). The main negative interactions include competition for light, 

nutrients and water (Brooker et al., 2008). Also, we found only two models that include the 

simulation of feedbacks between vegetation and geomorphological processes (Hooke et al., 

2005; Oorschot et al., 2016) and none include the effects of competition or facilitation 

combined with morphological development of rivers. Facilitation processes by ecosystem 

engineers get especially important in the context of invasive species (Tickner et al., 2001) and 

include reduction of shear stress (Corenblit et al., 2009a), soil enrichment (Brooker et al., 

2008), reduction of evaporation by shading, and increasing water infiltration by root systems 

(Van Noordwijk et al., 2015).  

No independent validation 

Predictive models are of little value if their outcome is not tested against independent data 

(Olden et al., 2002; Araújo et al., 2005) for example, from different geographic regions or 

spatially distinct subsets of the region or different time periods. Only in four cases the model 

was validated with data from a river reach geographically independent from the calibration 
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reach. More than half of all the models were not validated at all (11) or validated weakly 

through resubstitution (7) which is an acute violation of non-independence (Roberts et al., 

2017). In 5 cases more sophisticated validation procedures were applied that included 

temporal or geographical data splitting and cross-fitting approaches. These approaches 

assume that the selected hold out samples from the original data represents sufficiently 

independent observations for testing. But independence is not guaranteed if calibration and 

validation data are spatially autocorrelated (Araújo et al., 2005).  

Conclusion 

The number of models to predict the distribution of riverine vegetation is increasing across 

the globe. However, there are still very few models regarding aquatic vegetation. Also, current 

research is disproportionately focused towards rivers in developed nations and temperate and 

mediterranean habitats of the northern hemisphere. It was surprising that despite the highly 

dynamic riverine environment one-third of all models are based on the assumption of 

equilibrium between vegetation and environmental factors. There is also a lack of models 

incorporating the simulation of processes such as succession, competition and facilitation as 

well as the feedbacks between hydrogeomorphology and riverine vegetation. 

The nature of the applied review technique is to give a quantitative overview of the research 

topic (Pickering and Byrne, 2014). It should be understood as complementary to existing 

qualitative reviews that analyze certain aspects of the modeling of riparian vegetation 

dynamics in greater detail such as hydro geomorphological interactions (Camporeale et al., 

2013; Solari et al., 2016), response to flow regulation (Merritt et al., 2010) or other 

anthropogenic disturbances (You et al., 2015). Together the following future modeling 

challenges in regard to the distribution of riverine vegetation can be drawn:  

 

• Development of models to predict the distribution of aquatic vegetation  

• Extend research to the southern hemisphere and river systems of other biomes 

than the temperate and mediterranean climate 
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• Development of models that incorporate the direct interactions of vegetation with 

morphodynamic processes 

• Development of models of vegetation succession and the inclusion of competition 

and facilitation processes 

• Test model reliability through independent validation 
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3.1 Abstract 

 

Mediterranean rivers in intensive agricultural watersheds usually display outgrowths of 

macrophytes – notably alien species – due to a combination of high concentrations of 

nutrients in the water runoff and low flows resulting from water abstraction for irrigation. 

Standard mechanical and chemical control is used to mitigate the problems associated with 

excessive growth of plant biomass: mainly less drainage capacity and higher flood risk. 

However, such control measures are cost and labor-intensive and do not present long-term 

efficiency.  

Although the high sensitivity of aquatic vegetation to instream hydraulic conditions is well 

known, management approaches based on flow management remain relatively unexplored. 

The aim of our study was therefore to apply physical habitat simulation techniques promoted 

by the Instream Flow Incremental Method (IFIM) to aquatic macrophytes – the first time it has 

been applied in this context – in order to model shifts in habitat suitability under different 

flow scenarios in the Sorraia river in central Portugal. We used this approach to test whether 

the risk of invasion and channel encroachment by nuisance species can be controlled by 

setting minimum annual flows. 

We used 960 randomly distributed survey points to analyze the habitat suitability of the 

physical parameters ‘flow velocity’, ‘water depth’ and ‘substrate size’ for the most important 

aquatic species, including the invasive Brazilian milfoil Myriophyllum aquaticum, Sparganium 

erectum and Potamogeton crispus. We chose the lowest discharge period of the year in order 

to assess the hydraulic conditions while disturbances were at a low-point, thus allowing 

aquatic vegetation establishment and subsistence. We then used the two-dimensional 

hydraulic River2D software to model the potential habitat availability for different flow 

conditions based on the site-specific habitat suitability index for each physical parameter and 

species. 
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Our results show that the growth and distribution of macrophytes in the hydrologically stable 

vegetation period is primarily a function of the local physical instream condition. Using site-

specific preference curves and a two-dimensional hydraulic model, it was possible to 

determine minimum annual flows that might prevent the excessive growth and channel 

encroachment caused by Myriophyllum aquaticum. 

 

Keywords: aquatic macrophytes, habitat suitability modeling, flow regulation, invasive 

species, Myriophyllum aquaticum, IFIM 
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3.2 Introduction 

Aquatic macrophytes play an important role in riverine ecosystems, providing habitats for 

many organisms and affecting the hydraulic and chemical instream condition (Carpenter and 

Lodge, 1986). Their distribution and abundance are primarily determined by the hydrologic 

regime (frequency, duration and intensity of flood events) (Riis and Biggs, 2003; Franklin et 

al., 2008), which controls biomass loss and gain processes. Whereas loss processes are caused 

by increased drag forces during high flood events that cause stem breakage and uprooting of 

plants, biomass gain processes happen while disturbances are absent during medium to low 

flow conditions (Riis et al., 2008). In these stable interflood periods, macrophyte growth is 

controlled by several physical and chemical factors, including flow velocity and depth 

(Chambers et al., 1991; Riis and Biggs, 2003), light availability (Carr et al., 1997; Köhler et al., 

2010), water temperature (Barko et al., 1986; Carr et al., 1997), and riverbed grain size 

(Baattrup-Pedersen and Riis, 1999), as well as the nutrient content of the riverbed and water 

(Barko et al., 1986; Demars and Edwards, 2009). Anthropogenic disturbances, such as high 

nutrient concentrations from water runoff (Jones et al., 2002; Mainstone and Parr, 2002), low 

suspended sediment concentrations and the resulting increase in light availability from river 

damming  (Madsen et al., 2001; Köhler et al., 2010) and stabilization of the flow regime (less 

floods) (Riis and Biggs, 2003; Franklin et al., 2008) can alter the ecological equilibrium of the 

system and have been shown to stimulate excessive growth of aquatic vegetation, notably 

invasive alien species (Bunn and Arthington, 2002). This is known to cause various forms of 

ecological and economic damage (Brundu, 2014), including changes in species composition 

and richness (Bunn and Arthington, 2002; O’Hare et al., 2006), increased flood risk through 

higher flow resistance (Vereecken et al., 2006; Nikora et al., 2008), and interferences with 

human water uses such as water abstraction, hydropower, recreation and river navigation 

(Halstead et al., 2003; Gómez et al., 2013). Management of aquatic macrophytes by 

mechanical (cutting) or chemical (herbicides) means is therefore common practice in many 

rivers worldwide (Madsen, 2000; Hussner et al., 2017).  
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Especially in regulated Mediterranean rivers flowing through intensive agricultural 

watersheds and presenting prolonged spells of low flows the outgrowth of aquatic vegetation, 

and notably alien species, is a common phenomenon (Ferreira and Moreira, 1999; Aguiar and 

Ferreira, 2013). Despite their high costs, mechanical control measures are widely applied in 

Portugal (Moreira et al., 1999).  

Although the growth and distribution of aquatic macrophytes in unshaded streams are mainly 

influenced by local hydraulic conditions (depth/velocity/sediments) (Chambers et al., 1991; 

Riis and Biggs, 2003), whose impact overshadows that of hydrochemistry (Steffen et al., 2014), 

little attention has thus far been paid to the possibility that channel encroachment and 

invasion can be controlled by establishing minimum annual flows. One common way of 

exploring the effectiveness of such ecosystem-regulation measures is ecological modeling 

because model-based testing is faster and requires less financial inputs than actual physical 

experiments (Perona et al., 2009; Schmolke et al., 2010). Modeling species distribution or 

habitat suitability as functions of environmental factors is frequently used to provide spatial 

decision support for environmental management, weed or pest species risk assessments and 

studies of climate-change impacts (Franklin, 2013). In the case of river ecosystems, the 

instream flow incremental method (IFIM) (Bovee, 1982; Raleigh et al., 1986) is probably still 

the most widely used and accepted methodology for predicting the response of aquatic biota 

to the instream physical condition (Jowett et al., 2008; Conallin et al., 2010). However, its 

concepts have never been directly applied to the management of aquatic macrophytes. 

Against this background, the main aim of this study was, for the first time, to apply and validate 

the hydraulic habitat modeling techniques promoted by the IFIM for the assessment of annual 

minimum flows with the ability to reduce the risk of channel encroachment and invasion by 

the alien Myriophyllum aquaticum in a heavily regulated Mediterranean river. Our hypothesis 

was that summer low flows further intensified by water abstraction for irrigation create 

physical instream conditions that favor the excessive growth of Myriophyllum aquaticum over 

the autochthonous Sparganium erectum and Potamogeton crispus, and that this situation can 

be mitigated by establishing minimum flows above a certain threshold. 
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3.3 Methodology 

3.3.1 Study Area 

The study area is located along the Sorraia river in central Portugal (Figure 9). The river basin 

has an accumulated area of 7719 km² and a semi-arid Mediterranean climate in which most 

of the annual rainfall (600–800 mm) occurs between October and May and the mean annual 

temperature is 16-19 °C. The fieldwork was carried out along a naturally braided, unconfined 

segment of the river. The riparian corridor from the edge of the active channel to the adjacent 

agricultural areas consists mostly of willow shrubs, and willows (Salix alba) in higher areas, 

and extends an average of 60 m either side of the river. The active channel has an average 

width of 15 m and is mostly unshaded. The segment’s substrate is dominated by sands, gravels 

and cobbles. Surrounding land is given over to intensive rice, maize and tomato cultivation. 

We chose a calibration reach of approximately 1000 m in length for the model-building, and a 

model reach with a length of 320 m directly downstream for testing and application. Both 

reaches contain all the different mesohabitats (pool/run/riffle) found in the segment.  
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Figure 9: Location of the study site in Portugal and the Sorraia basin (rectangle), the position 
of the two largest reservoirs (dotted rectangles) and the wetted area of the model reach at Q 
= 0.3 m³/s, the location of the x-sections used for the hydraulic model calibration (including 
boundaries), and the observed macrophyte presence used to validate the habitat suitability 

model 

The Sorraia’s hydrological regime presents a high intra- and inter-annual discharge variability, 

which is characteristic of Mediterranean watersheds (Gasith and Resh, 1999). The mean 

annual discharge is 20.14 m³/s (available data for 1933-1980, “Ponte Coruche” Gauging 

station). The heaviest winter floods can attain 887 m³/s, while during the summer months 

(June-September) the mean discharge is 3.2 m³/s and low flow spells are common (Figure 10).  

The flow regime is heavily regulated by a system of reservoirs, weirs and canals that was 

implemented between 1933 and 1958. Water abstraction for agricultural irrigation is 

managed by a local farmers’ association, which mechanically cleans the river channel of 

aquatic macrophytes and riparian vegetation every few years to reduce flood risk. 
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Figure 10: Summary of the flow regime of the Sorraia river (available data for 1933-1980 from 
the “Ponte Coruche” Gauging station): The area between the upper (0.9) and lower (0.1) 
quantiles is shaded grey; the black line represents the mean daily discharge; the grey line 

represents the median daily discharge  
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3.3.2 Aquatic vegetation 

The main aquatic macrophyte species occurring in the study area are Myriophyllum 

aquaticum, Sparganium erectum and Potamogeton crispus. Other species that presented less 

prevalence and were therefore not considered were Ceratophyllum demersum and Typha 

domingensis. Based on their growth form, Myriophyllum aquaticum and Sparganium erectum 

are classified as sediment-rooted plants with floating or emergent shoots/leaves, whereas 

Potamogeton crispus is a sediment-rooted submerged plant (Den Hartog and Van Der Velde, 

1988). Following the definition of Pyšek et al. (2013) Myriophyllum aquaticum is considered 

an invasive species in Portugal. It was first reported in 1936 (Aguiar and Ferreira, 2013), but 

massive spreading was only observed in the 1970s (Moreira et al., 1999). Myriophyllum 

aquaticum is displacing native aquatic species, including Potamogeton crispus and 

Ceratophyllum demersum, in many parts of the River Tagus (Ferreira and Moreira, 1995).  

3.3.3 IFIM overview 

The instream flow incremental methodology (Bovee, 1982; Raleigh et al., 1986) is a framework 

which the U. S. Fish and Wildlife Services developed in the late 1970s to determine appropriate 

minimum annual flows by considering the effects of flow changes on instream habitat 

suitability of aquatic biota. It is probably still the most widely used and accepted methodology 

for predicting the response of aquatic biota to the instream physical condition (Jowett et al., 

2008; Conallin et al., 2010). Its main feature is a hydraulic habitat suitability model that can be 

separated into a hydraulic component and a habitat component. The hydraulic model predicts 

water velocity, depth and other hydraulic variables. The habitat model is based on local 

habitat suitability curves (HSC) that describe the optimum range of a physical parameter 

affecting the species and are built on expert knowledge or field analyses of local species 

occurrence and habitat availability. Integrating the two components makes it possible to 

calculate a composite suitability index (CSI) that combines the suitability information for each 

physical parameter at a given flow. The weighted usable area (WUA) for the target species is 

quantified by multiplying the composite suitability index by its area of influence. In order to 
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assess an appropriate minimum annual flow, the hydraulic habitat suitability model is applied 

to a range of flows to produce a WUA-vs-discharge graph. 

3.3.4 Hydraulic Habitat Suitability Modelling 

In order to calibrate (train) the habitat suitability model, a total of 961 sample points were 

distributed systematically (2m x 2m), with a randomly chosen starting point along each 

mesohabitat (pool, run, riffle) found in the calibration reach. The mesohabitats were visually 

delimited in the field.  

The occurrence of the main macrophyte species and physical habitat characteristics – flow 

velocity, water depth and grain size of the bed material – were analyzed at each sample point. 

The fieldwork was done in August 2016 and July 2017, during measured discharges of around 

0.3 m³/s. We chose the lowest discharge period of the year in order to assess the hydraulic 

conditions during the period of least disturbance, which allows aquatic vegetation 

establishment and subsistence. Locations shaded by riparian vegetation (less than 5% of the 

analyzed reach) were excluded, since in this situation aquatic plant growth is mainly 

constrained by insufficient light (Carr et al., 1997). Depths were measured with a simple meter 

ruler and classified in intervals of 20 cm. Flow velocities were measured with a water flow 

probe (model FP101, Global Water Instrumentation, USA) positioned in the flow direction at 

60 % of the flow depth and using 0.05 m/s intervals. The bed grain size was assessed visually 

and classified according to the Wentworth scale (sand: 0.62 - 2 mm; gravel: 2 - 64 mm; cobble: 

64 - 256 mm). The habitat preferences for Myriophyllum aquaticum, Sparganium erectum and 

Potamogeton crispus were then calculated by dividing habitat-utilization (amount of species 

occurrences in each class of the physical parameters) by habitat-availability (total amount of 

each class of the physical parameters). The final preference values were normalized, from a 

minimum value of 0 for unsuitable to 1.0 for optimal habitats (the class of the physical 

parameter with the highest amount of species occurrences), and expressed as a habitat 

suitability curve (HSC) for each physical parameter.  
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In order to apply and test the hydraulic habitat suitability model, we selected a 320 m-long 

reach directly downstream from the calibration reach. We chose a two-dimensional approach 

for the hydraulic simulation: the River2D model (Steffler and Blackburn, 2002). Two-

dimensional hydraulic models predict depth and velocity laterally and longitudinally along the 

whole length of the river channel. They are therefore better able to simulate the complex flow 

patterns found in braided rivers than the more conventional (with regard to the IFIM) one-

dimensional models that only predict depth and velocity across channel transects (Benjankar 

et al., 2015). The topography of the riverbed of the model reach, which is the main input into 

the hydraulic model, was measured in July 2016 with a Leica TCR703 Total Station (angle 

accuracy 3”) along 970 points. The initial bed roughness values were estimated based on 

substrate size and vegetation distribution. To determine the boundary condition and calibrate 

the model, water depth and velocity were assessed along 6 transects including the down- and 

upstream cross-section, with measurements taken every 20 cm along the cross-section. The 

hydraulic model was calibrated by adjusting bed roughness until simulated water surface 

elevations matched measured water surface elevations.  

The model was then used to simulate the physical instream conditions for a series of potential 

annual minimum flows of between 0.3 and 10 m³/s, representing a common flow range during 

the vegetation period. The weighted usable area (WUA) concept was used to evaluate the 

shift in habitat suitability for each discharge (Bovee, 1982). The WUA computation is based on 

the habitat suitability evaluated at every node of the topographic mesh and the "tributary 

area" of that node. We also calculated the Hydraulic Habit Suitability (HHS) for each discharge 

by dividing the WUA by the inundated area. The HHS can be understood as the percentage of 

the WUA from the inundated area at a given discharge. A value of 1 would mean that the 

whole of the wetted area classifies as usable area for a certain species or species group.  

We used two different methods to calculate the habitat suitability. The classical, deterministic 

approach of the IFIM calculates a Composite Suitability Index (CSI) as the geometric mean of 

the separate suitability indices for depth, velocity, and substrate size. It is directly integrated 

into the River2D Model on the basis of the HSC for each species.  
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𝐶𝑆𝐼 = √(𝑉𝑆𝐼 × 𝐷𝑆𝐼 × 𝑆𝑆𝐼)
3

 

 

VSI - Velocity Suitability Index 

DSI – Depth Suitability Index 

SSI – Substrate Suitability Index 

 

In addition to the deterministic approach, we computed the habitat suitability for each species 

based on the random forest algorithm (RF) for classification (Breiman, 2001). We used the R 

package “randomForest” (Liaw and Wiener, 2002) to grow 1000 trees based on bootstrap 

samples of the same training data as that used to build the HSC, and incorporated 50% class 

weights into the classifier to account for the low prevalence of Potamogeton crispus and 

Sparganium erectum.  

3.3.5 Model Validation 

We mapped the true presence and absence of the main macrophyte species (Myriophyllum 

aquaticum, Sparganium erectum and Potamogeton crispus) in the model reach with a Global 

Positioning System unit (Ashtech, model Mobile Mapper 100; accuracy < 50 cm) during the 

same period (July/August) and with the same discharge (0.3 m³/s) as those when the data for 

the model calibration was collected. We then modeled the macrophyte distribution using the 

deterministic and the random forest approach based on the hydraulic simulation for the same 

discharge, and tested the agreement between observed and predicted distribution by 

assessing the area under the receiver operating characteristic curve (AUC) (Fielding and 

Bell, 1997). The AUC of a model is equivalent to the probability that the model will rank a 

randomly chosen species-presence site higher than a randomly chosen absence site. In 

addition, we transformed the predicted occurrence probabilities of both models to a binary 
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presence/absence format for each species using the threshold of occurrence that maximizes 

the sum of sensitivity and specificity (Cantor et al., 1999; Liu et al., 2005). In order to assess 

the accuracy of the binary classification, we used the “True Skill Statistic” (TSS; sensitivity + 

specificity – 1), because it accounts for the effect of the species prevalence (Allouche et al., 

2006). All accuracy measurements were carried out using the R package “SDMtools” 

(VanDerWal et al., 2014).  

In order to investigate whether our models accounted for all the factors causing the species’ 

distributional pattern, we checked the observed species occurrence in the model reach for 

spatial autocorrelation using the Ripley’s K function, and tested the error between observed 

and predicted species occurrence for clustering with the Moran’s I index. The spatial analyses 

were done with the spatial statistics toolbox from ArcGIS for desktop (version 10.4.1). 

3.4 Results 

3.4.1 Habitat Suitability Curves 

The habitat sampling resulted in 224 Myriophyllum aquaticum, 135 Potamogeton crispus and 

85 Sparganium erectum presences in a total of 961 habitat samples.  

Myriophyllum aquaticum displayed a substantial liking for low flow conditions, only having 

colonized areas with relatively slow velocities and low depth. It was already nearly absent at 

velocities over 0.1 m/s. The most suitable depths were 0-20 cm. In addition, it was found 

almost exclusively on sandy substrate. On the contrary, Potamogeton crispus seemed to 

prefer higher-flow areas. Its greatest presence occurred in medium velocities of 0.08 - 0.2 m/s 

and it clearly favored depths of more than 80 cm. Its preferred substrate was gravel. 

Sparganium erectum displayed a preference profile similar to that of Myriophyllum 

aquaticum, but was more tolerant of greater depth. The results show a distinct preference 

profile of the exotic Myriophyllum aquaticum with regard to flow velocity and water depth 

(Figure 11). 
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Figure 11: Suitability Index (SI) with regard to flow velocity (A), water depth (B), and substrate 
size of the bed material (C) for Myriophyllum aquaticum, Potamogeton crispus and 

Sparganium erectum; values of 1 signify optimal and values of 0 signify no suitability. 

 

3.4.2 Model validation 

In overall terms, the hydraulic habitat model based on the deterministic approach displayed 

a good discriminatory ability. In the case of Myriophyllum aquaticum, accuracy was even in 

the excellent range (AUC = 0.9), while for Potamogeton crispus it was good (AUC = 0.87), and 

for Sparganium erectum fair (AUC = 0.79). The performance of the binary classification 
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differed more drastically between the species. Considering a threshold of occurrence for 

Myriophyllum aquaticum of 0.24, the TSS score of the model was 0.66. It correctly predicted 

86% of the actual presences (sensitivity) and 80% of the actual absences (specificity). The 

occurrence threshold for Potamogeton was set to 0.24. The TSS score was 0.62. Its occurrence 

was correctly predicted in 88% of cases, and its absence in 70%. The model’s worst 

performance was for Sparganium erectum, with an occurrence threshold of 0.08 (TSS = 0.44; 

Sensitivity = 0.7; Specificity = 0.66). 

The random forest model did not perform as well as the deterministic approach. On the 

contrary, only the prediction of Myriophyllum aquaticum achieved a similar accuracy (AUC = 

0.85), whereas the predictions for Potamogeton crispus (AUC = 0.7) and Sparganium erectum 

(AUC = 0.65) were less accurate. This was also visible in the binary prediction. Considering a 

threshold of occurrence of 0.6 for Myriophyllum aquaticum, the model’s TSS score was 0.66 

(sensitivity = 0.8; specificity = 0.86). The prediction of Potamogeton based on a threshold of 

0.5 returned a TSS score of 0.38 (sensitivity = 0.66; specificity = 0.72). Once again, the model 

performed worst for Sparganium erectum (threshold = 0.2; TSS = 0.28; sensitivity = 0.66; 

specificity = 0.62). 

The species occurrence as well as the errors between the observed and predicted distributions 

presented a similar degree of positive spatial autocorrelation (clustered pattern), indicating 

that although our models have a medium to high degree of accuracy, they do not account for 

all the factors explaining species distribution. 

 

3.4.3 Weighted Usable Area and Hydraulic Habitat Suitability 

We only used the deterministic modeling approach to analyze the shifts in habitat suitability 

for incremental flows because of its better predictive performance. 

The preference of Myriophyllum aquaticum for low flow conditions is also reflected in the 

development of the WUA. From 1167 m² at Q = 0.3 m³/s, it rapidly increases until it reaches 

its maximum of 3085 m² at Q = 1.4 m³/s. The WUA drops steadily after that, although the 
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inundated and therefore potentially invadable area continues to increase with rising flows. 

The WUA decreases more slowly from Q = 5 m³/s to Q = 8 m³/s, after which it remains nearly 

constant. At Q = 0.3 m³/s Potamogeton crispus has a WUA of 1017 m², slightly lower than that 

of Myriophyllum aquaticum and Sparganium erectum. However, this then sharply increases, 

so that at Q = 3 m³/s the Potamogeton crispus WUA of 8004 m² is already 3 times higher than 

that of Myriophyllum aquaticum. After that, the upward trend continues more slowly, but 

steadily. At Q = 10 m³/s, the Potamogeton crispus WUA of 10569 m² is over 10 times that of 

the invaders. The development of the WUA of Sparganium erectum initially appears to be 

similar to that of Myriophyllum aquaticum. However, it continues to gain area until Q = 3.5 

m³/s, after which the WUA stays relatively constant at around 3900 m², whereas the 

Myriophyllum aquaticum WUA experiences a steady decline over the same range (Fig. 04 – A). 

In the case of Myriophyllum aquaticum, the HHS trends continuously downwards as discharge 

increases. Whereas 36% of the wetted area is potentially suitable at Q = 0.3 m³/s, only about 

10% remains suitable at Q = 4 m³/s. Potamogeton crispus experiences an increase in HHS with 

rising flows. The HHS only decreases slightly at around Q = 1 m³/s, due to a large increase in 

wetted area. From Q = 3.5 m³/s onwards, the rate of change in HHS decreases. Sparganium 

erectum also experiences a decline in HHS, sharply at first, to levels below even those of 

Myriophyllum aquaticum, but remains nearly constant from Q = 2.5 m³/s onwards (Fig. 04 – 

B).  
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Figure 12: Weighted Usable Area (A) and Hydraulic Habitat Suitability (B) of the main species 
found in the study area as a function of discharge. 

 

3.5 Discussion 

In this study we wanted to explore setting minimum annual flows as an alternative 

management approach for controlling excessive growth of macrophytes and invasion by 

Myriophyllum aquaticum during the vegetation period in the Sorraia river. Following IFIM 

principles, we built a hydraulic habitat suitability model for Myriophyllum aquaticum, 

Sparganium erectum and Potamogeton crispus, applied it to a range of discharges, and 

analyzed the changes in WUA and HHS. Our hypothesis was that low summer flows intensified 

by water abstraction for irrigation create physical instream conditions that stimulate excessive 

growth of Myriophyllum aquaticum, and that this situation can be mitigated by establishing 

minimum flows above a certain threshold. 

The modelling results support our hypothesis that the growth and distribution of macrophytes 

in interflood periods is primarily a function of the local physical instream condition, which is 

especially favorable to an invasion of Myriophyllum aquaticum during the low flow range. 

Habitat suitable for Myriophyllum aquaticum already declines above flows of 1.4 m³/s, while 
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the autochthonous species, and especially Potamogeton crispus, continue to gain ground. It 

would therefore seem possible to reduce the risk of invasion and favor a more natural species 

composition by setting annual minimum flows. The combination of the artificial 

approximation of the habitat availability for both the exotic and the autochthonous species 

caused by stable periods of flows under 1.4 m³/s and the greater competitive ability of 

Myriophyllum aquaticum may be the reason for the latter’s successful expansion. Given that 

the mean annual flow during the vegetation period is 3.2 m³/s, it may well be that water 

managers can establish minimum annual flows above the 1.4 m³/s threshold and thereby 

avert this situation. This is an important result that can improve river restoration projects by 

preventing the degradation of natural aquatic vegetation communities. 

However, we also observed that for the low flow range (0.3-1.4 m³/s), the WUA actually 

increases for Myriophyllum aquaticum and that the rate of change in habitat suitability for all 

species is lower with high flows than with low flows. The explanation for this is that the 

suitable areas are concentrated in shallow waters along the banks of the stream, and these 

shallow areas initially increase when the river enters the floodplain and then remain relatively 

constant in size. In the case of Myriophyllum aquaticum, this means that the WUA remains 

relatively constant above a discharge of 7 m³/s. Setting minimum annual flows will therefore 

not completely prevent an invasion; but it can contribute to an environmental flow regime 

that privileges autochthonous aquatic species and strengthens their competitive 

performance.  

One major criticism of the IFIM habitat simulation to keep in mind when interpreting the 

results is the usage of the term Weighted Usable Area (Mathur et al., 1985), because it 

suggests a spatial extension of usable habitat when in fact it only actually describes the overall 

probability of use. So when we assess the effects of flow changes on aquatic biota, it is the 

shape of the WUA response curve that is more important than the magnitude (Jowett et al., 

2008).  

In addition, as with all modeling approaches, there are a number of different uncertainties 

that should be considered when interpreting the results. 
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3.5.1 Environmental factors 

Our study is based on the assumption that in hydrologically stable periods, physical habitat 

characteristics are the main limiting factor for aquatic species in streams. Indeed, several 

studies argue that flow velocity is the main environmental factor controlling the abundance 

and distribution of aquatic macrophytes (Chambers et al., 1991; Baattrup-Pedersen and Riis, 

1999; Madsen et al., 2001; Janauer et al., 2010). Most studies relate the limiting effect of 

higher flow velocities on plant growth to increased drag forces on the plants and their 

anchoring ground, causing uprooting, or less frequently, stem breakage (Chambers et al., 

1991; Riis and Biggs, 2003). However, a more recent study (Pollen-Bankhead et al., 2011) 

indicates that the preference of macrophytes for low velocities is less related to the drag 

forces on the plants and more to the conditions controlling erosion and deposition of fine 

substrate materials. The effect of substrate size has mainly been studied with regard to the 

distribution patterns of macrophytes, and not in terms of changes in biomass (Baattrup-

Pedersen and Riis, 1999; Riis and Biggs, 2001; O’Hare et al., 2006). The findings indicate a niche 

separation between macrophytes based on different substrate size preferences. Apparently, 

submerged species favor coarser substrates (gravel and boulder), whereas species that grow 

both submerged and emergent, and species that only grow emergent, were associated with 

finer substrates (sand) typical of low flow conditions. This is coherent with our results. The 

influence of flow depth has been related to light availability, which decreases with greater 

depth (Koch, 2001). In situations of high turbidity or direct shading, for example through 

overhanging vegetation, light availability can also become the main limiting factor, which is 

why we excluded sample sites with these characteristics (Köhler et al., 2010). Temperature is 

also known to influence the growth rate of aquatic plants (Koch, 2001). It can, however, be 

assumed that temperature alterations in the analyzed flow range are marginal and are 

indirectly covered by the effects of velocity and depth (Gu et al., 1998). Besides the physical 

factors, geochemical properties of the stream and especially nutrient availability are known 

to have an influence on aquatic biota (Koch, 2001). Unnatural high concentrations of 

phosphorus, as often occur in agricultural watersheds, can stimulate excessive macrophyte 

growth (Mainstone and Parr, 2002). However, these factors are still most probably 
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overshadowed by the hydraulic conditions (Barendregt and Bio, 2003; Steffen et al., 2014), as 

is also indicated by the high accuracy of our model.  

3.5.2 Data collection / Model calibration 

Different forms of data analysis for generating the HSC for each environmental factor are 

distinguished for the IFIM (Bovee, 1986): a) expert knowledge; b) analyses of actual habitat 

conditions used by the species (or presence-only data); and c) in-situ species occurrence and 

habitat availability data (or presence/absence data). We based our model calibration solely 

on actual presence/absence data (c). It is the most highly recommended of the three methods 

(Jowett et al., 2008), and the only one that permits an estimation of the true probability of 

observing a species at a site (Guillera-Arroita et al., 2015). We kept geographical sampling bias 

to a minimum by selecting a calibration (training) reach and a model reach from the same river 

segment, and by applying a stratified, systematic sampling design with a random starting 

point. The detection error, which is crucial to the performance of many habitat suitability 

models (Lahoz-Monfort et al., 2014), can be considered negligible because of the sampling 

design, the small number of different species and their sessility.  

Model calibration errors can also affect the two-dimensional hydraulic modeling, which can 

be compromised due to the collection of insufficient or erroneous bed topography data, 

insufficiently detailed substrate distribution mapping, erroneous model calibration, or failure 

to include effects of the bed topography upstream of the study site in the model (Jowett and 

Duncan, 2012). 

3.5.3 Model algorithm 

The IFIM commonly uses a univariate algorithm to relate the abiotic characteristics to actual 

habitat suitability (Conallin et al., 2010). The univariate derivation of the composite suitability 

index is criticized for being based on the assumption that organisms select each habitat 

variable independently, ignoring interactions and cumulative effects between them (Ahmadi-
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Nedushan et al., 2006), such as the influence of velocity on substrate stability and composition 

(Shields, 1936). Multivariate statistical models, such as Generalized Additive Models (Milner 

et al., 2001) and Artificial Neural Networks (Gozlan et al., 1999), are alternative means of 

fitting the suitability data that are able to account for interactions between the variables and 

overcome the problem of independence (Ahmadi-Nedushan et al., 2006). Another, 

increasingly popular, approach is the use of “fuzzy logic” to define a set of rules that classifies 

suitability according to a combination of different environmental factors. It allows 

consideration of uncertain measurements and vague expert knowledge, as well as 

multivariate effects, without requiring the input parameters to be independent (Noack et al., 

2013). With random forests we also applied a distribution modeling technique that is capable 

of modeling complex interactions among predictor variables and is considered to have one of 

the greatest discriminatory capacities (Elith et al., 2006; Cutler et al., 2007).  

However, random forest and all other approaches are static and ignore more complex 

processes that are known to shape the distribution patterns of macrophytes, such as 

interspecific competition and feedbacks between the plants and the physical environment 

known as niche construction (Corenblit et al., 2009a). The latter has become very evident in 

the complex relationship between macrophytes and fine sediment, where macrophytes have 

been observed to create positive growth conditions through retention and stabilization of fine 

sediments, thereby also interacting with geomorphological processes (Schoelynck et al., 

2012).   

3.5.4 Model validation  

Ecological modeling is of little value if the prediction is not tested against independent data 

(Olden et al., 2002). We therefore separated the study reach from the calibration reach and 

collected field data in two different years. The overall model prediction capacity at Q = 0.3 

m³/s was assessed as good using the threshold-independent AUC statistic. The binary 

prediction, and especially the rate of observed absences of the species that fall in pixels of 

predicted presences (the commission error rate, which equals 1 minus specificity), was less 

convincing, but can in part be explained by the low prevalence of the species. A distinction 
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must be made between two different types of commission error: real commission errors, in 

which combinations of environmental conditions that are not within the species’ niche are 

falsely interpreted as suitable; and apparent commission errors, where absence represents a 

real feature of the species’ distributional ecology due to interspecific interactions and 

historical factors (Peterson, 1999). A high commission error is therefore common among 

species that show a low prevalence, and can be an indicator that the species has not yet 

conquered the whole of its potential niche. If this interpretation is correct, it would support 

the use of our model as a screening tool for identifying areas that are at higher risk of invasion. 

We can only speculate about the causes of the spatial autocorrelation in the errors between 

observed and predicted species distribution: disregard of interactions between the predictor 

variables, omission of important predictors (temperature, nutrients), or ecological processes 

(dispersal, competition, niche construction) (Guisan and Thuiller, 2005). However, the model’s 

good predictive performance against independent data nonetheless proves the usefulness of 

the IFIM approach for predicting macrophyte distribution. 

3.5.5 Other management options and conclusion 

Mechanical methods are the most widely used measures for controlling aquatic macrophytes 

in both Portugal (Moreira et al., 1999) and Europe as a whole (Hussner et al., 2017). They allow 

for containment or eradication, depending on the specific technique and frequency of 

application (Madsen, 2000). Although often regarded as environmentally less harmful, the 

most common and effective measures like mowing are not species-specific and can both harm 

non-target aquatic biota and cause sediment resuspension (e.g. Habib and Yousuf 2014). 

Worldwide, chemical control is also applied. While proven very effective, even for eradicating 

nuisance weeds (Champion and Wells, 2014), herbicides will physiologically affect similar 

native aquatic plants and potentially also indirectly harm fish and invertebrates (Getsinger, 

1998). The use of herbicides to control aquatic nuisance weeds is therefore severely restricted 

in various countries (especially in the EU). Biological measures also present a risk of off-target 

impacts, both directly and indirectly through alteration of the food web. Physical management 
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methods are distinguished from mechanical techniques, because instead of the plants 

directly, it is their environment that is manipulated. Several physical techniques can be 

distinguished: dredging, drawdown, benthic barriers, shading or light attenuation, and 

nutrient inactivation (Madsen, 2000; Wersal et al., 2013). The control of nuisance weeds 

through flow regulation fits into the latter category, but has so far received little attention. 

Flushing flows have been successfully used to eradicate weeds in the Ebro river (Tena et al., 

2013). However, frequency and magnitude of discharges (in the range of a 2-year flood) are 

not a viable option for intensive agricultural watersheds like the Sorraia, where both the side 

effects of the floodings and the competing water uses have to be considered.  

Although most management techniques have some negative side effects on the ecosystem, 

so do the invasion and extreme growth of alien species. Maintaining minimum discharges in 

order to prevent channel encroachment may be an ecologically and financially advantageous 

addition to the range of commonly practiced control measures. We tested this approach by 

applying habitat suitability modeling techniques that are widely used to evaluate 

environmental flows and restoration measures aimed at fishes and invertebrates. Based on 

the specific habitat preferences of Myriophyllum aquaticum, it seems possible to set minimum 

flows that reduce the invader’s habitat while simultaneously promoting that of autochthonous 

and less invasive aquatic species. This measure can be recommended with a high level of 

confidence, given that when the model was checked against independent data, it displayed a 

good level of accuracy in predicting species distribution.  
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4.1 Abstract 

 

Most large rivers in Europe and North America suffered flow regulations and channelization 

in the 19th and 20th centuries. To study the effects of the altered site conditions on the 

development of floodplain vegetation and create a benchmark map for their restoration we 

calibrated and applied a dynamic floodplain vegetation model that accounts for the processes 

recruitment as well as morphodynamic disturbance and physiologic stress on vegetation to 

reconstruct the succession dynamics of the floodplain vegetation of a segment of the Rhine 

river from shortly after it was channelized (1872) until today (2016). The model calibration 

was based on historical maps and hydrologic data. 

Our simulation demonstrated a steady, one-way progression of the vegetation communities 

toward mature phases without regression to younger stages. It was possible to attribute this 

development to a lack of morphodynamic disturbances strong enough to reset succession and 

to identify physiological stress caused by long inundations periods as the most relevant 

controlling factor of succession. The resulting vegetation distribution (2016) can be considered 

an estimation of the potential natural vegetation (PNV) under altered site conditions.  

The good agreement of the model results with an expert-based PNV map showed that our 

approach is a good alternative to create benchmark maps for floodplain conservation and 

restoration projects. From a research and practitioners’ viewpoint it has the big advantage 

over the traditional approach that it allows to analyze different points in time as well as to be 

comprehensive and reproducible. 

 

Keywords: riparian vegetation, large rivers, dynamic modeling, succession, historic 

development 
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4.2  Introduction 

 

Natural river floodplains belong to the most productive and biodiverse ecosystems worldwide 

(Ward et al., 1999). One of the reasons is that successional sequences are repeatedly 

rejuvenated and reset by hydro-geomorphologic disturbances, creating a continuously 

shifting mosaic of habitat patches (Pringle et al., 1988; Stanford et al., 2005). Most large 

temperate rivers however are heavily modified through flow regulation as well as straightened 

and stabilized channels (Dynesius and Nilsson, 1994; Buijse et al., 2002; Tockner et al., 2009). 

This leads to a replacement of dynamic geomorphological processes (e.g. avulsion, 

meandering, braiding) by one-way developments (e.g. riverbed degradation, floodplain 

siltation) (Kikyo et al., 1999; Petts and Gurnell, 2005) as well as a decrease of hydrodynamic 

variability and disturbance in the riparian zone (Church, 1995; Magilligan and Nislow, 2005). 

The understanding of the effects of altered site conditions on habitat configuration across 

different spatial and temporal scales is important for river conservation and restoration as 

well as the study of floodplain ecology in general (Ward and Stanford, 1995; Vaughan et al., 

2009; Gumiero et al., 2013). A challenge in this context is that reference reaches that would 

allow investigation of natural succession dynamics over different time spans are nearly non-

existent in large rivers (Whited et al., 2007).  Moreover,  the modification of 90% of the 

floodplains in Europe and North America through agriculture or forestry (Tockner and 

Stanford, 2002; Buijse et al., 2005) makes it difficult to distinguish the effects of altered site 

condition on the actual vegetation. In general vegetation records for historical analyses are 

rare and often of low quality (Swetnam et al., 1999). 

Modeling approaches based only on physical habitat parameters can predict the vegetation 

at a location without the effect of direct anthropogenic land-use change (Ricotta et al., 2000; 

Kelly et al., 2005) and have been applied to produce benchmarks for nature conservation 

(Rosati et al., 2008; Arco Aguilar et al., 2010) or to compare the outcomes of different types 

of management (Barnes et al., 1982). Dynamic models also allow to simulate succession 

(Taylor et al., 2009) and reconstruct historic developments (Li, 2000; Wimberly, 2002; Keane 

et al., 2006). In the past, many different models have been developed to predict the 
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vegetation distribution in floodplains based on environmental factors (Franz and Bazzaz, 1977; 

Friedman and Auble, 1999; Lenders et al., 2001; Jungwirth et al., 2002; Aggenbach and Pelsma, 

2003; Runhaar, 2003) or more recently to simulate their development over time (Camporeale 

and Ridolfi, 2006; Benjankar et al., 2011; García-Arias and Francés, 2016; Oorschot et al., 

2016). Yet, the reconstruction of the succession dynamics of a large river floodplain after it 

suffered the typical reduction of hydro-geomorphological disturbances has never been 

attempted. 

In this study we therefore parameterized a dynamic floodplain vegetation model based on 

historical maps and hydrologic data to reconstruct floodplain vegetation succession of a 

segment of the Rhine river, from shortly after it was straightened and channelized (1872) until 

today (2016). Our objectives were to investigate the succession trajectory under altered site 

conditions in a high temporal and spatial resolution, identify the ecological key processes that 

control the succession and to produce a baseline map of the potential natural vegetation 

(PNV) for restoration and conservation projects.  

4.3 Methodology 

4.3.1 Study Area 

The Rhine River is one of the largest rivers in Central Europe with a length of about 1.230 km 

and a catchment area of approximately 185.300 km2. Our study area lies in the Upper Rhine 

region where the nival discharge regime is strongly influenced by snow-melting in the Alps 

and the highest floods occur in summer (Belz and Frauenfelber-Kääb, 2007). Until the 

beginning of the 19th century the Upper Rhine could still be considered in natural condition 

(Gallusser and Schenker, 1992) and has been classified as a highly dynamic, island-dominated, 

anabranching river system (Gurnell and Petts, 2002; Herget and et al., 2005). But in the course 

of the 19th century, the Upper Rhine River was transformed into a single-thread channel by 

cutting off meander bends and by building groins and bank revetments (Bernhardt, 2000). In 

the 20th century the river regulation intensified through the construction of 10 hydropower 
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plants in the main channel or in artificial side channels (Dister et al., 1990). During this time 

industry and settlements also expanded in the study area (Habersack and Piégay, 2007). The 

study area is the “Raststatter Rheinaue”, a nature reserve on the eastern, German side of the 

floodplain of a 9-km length segment of the Upper Rhine River downstream from the Iffezheim 

dam to the confluence of the river Murg (Rhine km 335.8 – 345, 114–110 m a.s.l., Figure 13). 

It is limited by flood dykes towards the east and covers a total area of approximately 645 ha 

(including water bodies).  
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Figure 13: Upper left corner: Location of the study area in central Europe (dark grey) and the 
Rhine basin (light grey); Rest: Location of the study area along the eastern (German) side of 

the Rhine river and results of the expert-based estimation of the potential natural vegetation 
(PNV) from the year 2016. The PNV is expressed as vegetation communities and the 

corresponding succession phase (in brackets). The division in calibration and validation data is 
indicated by the dashed line perpendicular to the river channel (point of intersection with the 

Rhine river: 48°53'13.7"N 8°08'12.1"E) 
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4.3.2 Material and Data 

Historic maps 

Since the Upper Rhine has been the border between France and Germany for centuries, the 

riverine landscape has been the subject of many historical drawings and maps. At the 

beginning of the 19th century detailed maps were produced for the planning of the river 

straightening.  These maps indicated the river bottom along the thalweg (line along the 

deepest points of the riverbed), the situation of water bodies, islands and gravel/sand bars 

within the aquatic area, as well as land uses in the floodplain (grasslands, forests, croplands 

and settlements). Our work is based mainly on four historical maps from that time (1816, 

1838, 1852, 1872) that were georeferenced and classified in natural (natural water body, 

gravel/sand bar, grassland and forest) or anthropic (regulated water body, artificial water 

body, cropland, settlement, industry and gravel pit) habitat categories (for details see: Diaz-

Redondo et al., 2017). 

Expert PNV-Map 

For model calibration and validation an expert-based map of the potential natural vegetation 

(PNV) was produced. Initially 291 similar vegetation patches were delineated visually on the 

basis of orthophotos (2009, 1 m resolution) and homogenous morphology (DEM, 1 m 

resolution). These patches were then further refined, and their PNV-type identified through 

field visits in summer 2016 and winter 2017. The identification of the PNV-type was mainly 

guided by indicator species (Table B 1). Where the actual vegetation showed a high degree of 

transformation through forestry and agriculture the extrapolation of the PNV-type in the field 

was supported by maps of the soil-type and height above mean-water.  

Seven vegetation types were distinguished (Dister, 1980) and assigned to a succession phase 

(Table B 1 and Figure 13): pioneer vegetation, reeds and natural grasslands, willow shrubs, 

Salicitum albae, Salicitum albae - Querco-Ulmetum, Querco-Ulmetum and Stellario-

Carpinetum. 
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Discharge data and Hydrodynamic model 

The analysis of the flow regime of the study area for the whole simulation period is based on 

the Maxau gauging station (Rhine km 362.3) which has the longest continuous record of daily 

discharge (1921 – today) and also records of the annual low, mean and high discharges for the 

period 1872 -1921 (Diaz-Redondo et al., 2017). A two-dimensional hydrodynamic model (SRH-

2D; Lai, 2008) of the Rhine river and its eastern floodplain was set up. The model bathymetry 

is based on a high-resolution (0.5 m) DEM (July 2016, German Federal Institute of Hydrology) 

supplemented by longitudinal profiles and cross-sections through the main water bodies in 

the study area (Díaz-Redondo et al., 2018). The model was calibrated by adjusting Manning’s 

roughness coefficients (separately for the main channel and the floodplain) and comparing 

modeled and measured water surface elevations for 6 flow rates between MQ and HQ10.  

The calibrated model was then used to determine the hydrodynamic and hydrologic 

parameters (water level, shear stress, flood duration) required as an input for the dynamic 

vegetation model for 14 flow rates ranging from 609 m³/s to 5300 m³/s (Table C 2). The 

modeled discharges were selected based on characteristic return periods and completed to 

better represent the flow duration curve around 2000 m³/s when the large-scale flooding of 

the floodplain starts. 

4.3.3  Dynamic succession model  

We used the dynamic, rule-based floodplain vegetation model CASiMiR (Egger et al., 2013; 

freely available under www.casimir-software.de) to simulate the succession in the study area 

from 1872 to 2016. The riparian vegetation is represented in succession lines and their 

respective succession phases (Table A 2). Three different succession lines were distinguished 

for the study area. The sand aggradation line develops on sediments from medium sand to 

sandy silt in flood zones with medium flow velocities. The silt aggradation line is limited to 

oxbows and terrain depressions where due to low flow rates mainly silt is deposited. The 

different textures of the substrate have implications for vegetation development, for example 
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through differences in the water holding capacity (Saxton et al., 1986) which is why the expert 

rules of each succession line differ (Table A 2, Table A 4 and Table A 5).  

For grasslands and agriculture areas a secondary succession line (Horn, 1974) was defined. 

Each succession line was further divided into succession phases according to Naiman et al. 

(2005) and Egger et al. (2013). The initial phase (IP) starts when the seedlings begin to colonize 

the bare sediments. It is followed by the pioneer phase (PP) characterized by relatively sparse 

vegetation of ruderal or stress-tolerant species. In the first phase of the transition stage (herb 

phase, HP) herbaceous short-lived species dominate but pioneer shrubs can also grow already. 

When the woody species grow above the herbs the shrub phase (SP) is reached. Later when 

pioneer trees like Salix alba and Populus nigra replace the shrubs as the dominant life form 

the early successional woodland phase (ESWP, Salicetum albae) is reached. It is followed by 

the late successional woodland phase (LSWP, Salicetum albae - Querco-Ulmetum) which 

experiences less disturbances and is characterized by the gradual transition from pioneer trees 

to the first hardwood species (Fraxinus excelsior, Quercus robur, Ulmus laevis). In the 

established forest phase (EFP, Querco-Ulmetum) the hardwood forest dominates. The 

terminal stage (TS, Stellario-Carpinetum) is characterized by lower biomass production but 

larger standing biomass. Competitive woody and long-lived species dominate. The starting 

condition of the model (vegetation distribution in 1872, Figure A 2) was derived from the 

analysis of the chronological sequence of the forest, gravel and water surfaces on historical 

maps (1816, 1838, 1852, 1872) of the area (see Table A 1,  and Diaz-Redondo et al., 2017). 

Areas that were forested from 1816 through 1872 were assigned to EFP (sand aggradation 

line). Areas that changed from gravel in 1838 or 1852 to forest in 1872 were assigned to ESWP 

(sand aggradation line) and those that changed from water to forest were considered ESWP 

(silt aggradation line). Gravel- and sandbanks in 1872 were considered IP. Grasslands and 

agriculture areas in 1872 were defined as the beginning of the secondary succession (HP). 

Lateral arms and oxbows that vanished on historical maps between 1872 and 1893 (only 

geomorphological changes observed after 1872) were considered as “shallow water” (SW) in 

the silt aggradation line. 

The dynamic modules of the model are recruitment, morphodynamic disturbance (indicated 

by shear stress) and physiological disturbance (indicated by flood duration) (Table A 4 and 
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Table A 5). Their behavior is based on rules describing the age spans of each succession phase, 

min and max water table for recruitment as well as critical values for disturbance indicators 

slowing down or setting back the succession (Egger et al., 2013). Each year the recruitment 

module checks for bare soils in the bank and floodplain zone as well as the water levels that 

allow seedling survival (Table A 3). The bank zone was defined as the area between the level 

of the mean water in the months of May and June (1257 m³/s; lower limit) and the water level, 

which is reached at 2000 m³/s (upper limit). Higher lying areas (up to HQ100) were assigned 

to the floodplain zone. The disturbance module checks whether the critical values of the 

disturbance indicators are surpassed (Table A 4 and Table A 5). If no disturbances occur, the 

vegetation becomes older (one-year step) and eventually progresses to the next succession 

phase. If the critical disturbance values for a succession phase are exceeded the vegetation 

will be set back according to the rules. The indicator “shear stress” was divided into five 

intensity classes: very low (0.1-2 N/m²), low (2-5 N/m²), medium (5-50 N/m²), high (50-200 

N/m²) and very high (> 200 N/m²). “Shear stress” raster maps were assigned from the modeled 

flow rates (Table C 1) to each particular year of the scenario run (1872-2016) based on the 

years’ maximum discharge. The flooding stress was evaluated for the growing period (183 

days, April - September) and also divided into five intensity classes: very low (0-5 days 

flooded), low (5-20 days), medium (20-70 days), high (70-120 days) and very high (120-183 

days). Five representative years (dry, medium wet, wet, very wet and extreme wet) from the 

period 1921-2016 were selected based on their maximum, mean and minimum discharge 

(Table C 1). For the calculation of the flood duration raster of each representative year we 

attributed to the flooded area of each water level of the 14 modeled discharges (Table C 2) 

the number of days that they were exceeded during the growing period through analyzing the 

year’s hydrograph. The final raster was then composed by the flooded area of each discharge 

and their number of days exceeded, interpolated proportional to a cell’s elevation. The 

remaining years of the whole modeling period were then assigned to one of the 

representative years based on the number of days with a discharge greater than 2000 m³/s (= 

start of large-scale flooding of the floodplain). The extremely wet year (1999) occurred only 

once. For the period 1872-1921 only records of the annual low, mean and high discharges 
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were available. For this period, we assigned a representative years’ hydrograph using a 

decision tree model calibrated for the years 1921-2016. 

 

Figure 14: Flow diagram of the CASiMiR Vegetation model (adapted from Egger et al., 2013). 
Grey rectangles with rounded corners are model inputs or results, the white rectangles 

represent the dynamic modules of the model 

4.3.4 Model calibration and validation  

The model was calibrated and validated against the expert-based PNV-map (Figure 13). To 

ensure independence it was divided roughly in half perpendicular to the river channel along a 

road. The expert-rules were first estimated based on expert knowledge and then further 

calibrated manually using the downstream part until the model results for the year 2016 

matched the PNV-map best. The validation was done with the upstream part of the study area. 

For the assessment of the agreement between the PNV-map and the model results we used a 
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fuzzy set approach with the free software Map Comparison Kit (Visser and De Nijs, 2006). The 

application of fuzzy sets in map comparisons allows for the consideration of similarities as well 

as spatial proximity between classes (van Vliet et al., 2013). The distance decay function for 

the fuzziness of locations, that defines the influence of neighboring cells on the cell under 

comparison, was assumed to be linear with a slope of 0.5 over a distance of 4 cells (20 m). The 

similarity of plant communities along the successional gradient (Initial Phase -> Terminal 

Stage) was defined in a similarity table (Table 4). Based on the fuzzy sets we calculated the 

average similarity (AS; fuzzy equivalent to the fraction of correctly classified instances) globally 

and for each succession phase. 

For a sensitivity analysis of our simulation regarding the main controlling factors of succession 

we additionally validated two alternative model runs a) only considering morphodynamic 

disturbance and b) only considering physiological disturbance. 
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 Succession Phase 

 IP PP HP SP ESWP LSWP EFP TS 

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
  P

N
V

-T
yp

e 

Bare Soil (IP) 1 0.9 0.2 0 0 0 0 0 

Pioneer Vegetation 

(PP) 

0.9 1 0.8 0 0 0 0 0 

Reeds and grasslands 

(HP) 

0.2 0.8 1 0.5 0 0 0 0 

Willow shrubs (SP) 0 0 0.5 1 0.8 0.2 0 0 

Salicetum albae 

(ESWP) 

0 0 0 0.8 1 0.8 0.2 0 

Salicetum albae-

Querco-Ulmetum 

(LSWP) 

0 0 0 0 0.8 1 0.8 0.2 

Querco-Ulmetum 

(EFP) 

0 0 0 0 0.2 0.8 1 0.8 

Stellario-Carpinetum 

(TS) 

0 0 0 0 0 0.2 0.8 1 

Table 4: Contingency table describing the similarities along the successional gradient (IP -> TS) 
between plant communities (1 = equal; 0 = completely different)  

4.3.5 Analyses the Trajectories of the succession dynamics  

The trajectories of succession dynamics were interpreted through the analysis of the balance 

of regression versus progression processes along two time periods (as described in Diaz-

Redondo et al., 2017; Whited et al., 2007) through the intersection of the model results for 

the year 1872 (starting condition), 1933 (mid-time) and 2016 (end result). Three categories 

were distinguished: changeless, progression, regression.  
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4.4 Results 

The PNV of the study area considering the altered disturbance regime (model result for 2016, 

Figure 15) shows a landscape dominated by hardwood forests (EFP and TS, 56%) and forests 

in transition from softwood forests to hardwood forests (LSWP, 36%). Softwood forests 

(ESWP) only remain on 6.5% of the study area and early succession phases (IP, PP, HP, SP) on 

around 8%. 

 

Figure 15: Simulated PNV of the study area for the year 2016. The rectangle in the upper right 
corner indicates the region that is shown in a higher temporal resolution in Figure 17 
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The analyses of the area development of the main succession phases between 1872 and 2016 

(Figure 16) demonstrated that the areas covered by early succession phases shrank fast from 

initially over 36% (1872) to 13% (1910) and by the end of the simulation period to around 8%. 

ESWP was the dominant succession phase in 1872 covering over 55% of the study area. After 

only 35 years it decreased to around 20% and in 2016 only 6.5% remained. LSWP first 

appeared after 35 years evolving from ESWP. By 1910 it covered around 50% of the study area 

but shrank to around 30% by 2016. EFP and TS were only found on around 11% of the study 

area in 1872. They gradually increased to become the most dominant succession phases in 

2016 covering over 50%. 

 

Figure 16: Simulated area development of the main succession phases (the different 
succession series were summed up) 

 

A visualization of the succession dynamic in a 10-yer resolution (Figure 17) revealed small scale 

(5m spatial resolution) changes of the vegetation pattern. Early succession phases and ESWP 

only remain around the margins of the water bodies were the disturbance frequency and 

magnitude are the highest. 
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Figure 17: Model results for a selected region of the study area (see Figure 15 ) in a 10-year 
resolution (for the legend see also Figure 15) 
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The results of the main habitat change trajectories demonstrate a clear dominance of 

progression over regression processes. From 1872 to 1933 80.11% of the habitats progressed 

to more mature succession phases, 18.7% remained changeless and only 1.19% of the habitats 

were affected by regression. From 1944 to 2016 the progression slows down (52.69%) and 

more habitat remained changeless (45.91%). The regression rate continued very low (1.13%). 

Validation 

Considering the fuzzy rules, the overall average similarity of our prediction and the expert-

based field map was 0.81. The early succession phases (IP, PP, HP, SP) had low agreements 

with AS values between 0 and 0.17. The ESWP showed general good agreement but differed 

between sand aggradation (AS = 0.74) and silt aggradation line (AS = 0.5). LSWP also matched 

well with the expert-based PNV map (AS = 0.74). The mature succession phases EFP and TS 

had the best agreement with AS values between 0.82 and 0.96 (Table 5). 

Our sensitivity analyses regarding the disturbance indicators identified the physiological stress 

indicated by “flood duration” as the main controlling factor of succession. If only physiological 

stress is considered, and the effect of morphodynamic disturbance on the vegetation 

neglected the average similarity with the expert-based PNV-map remained 0.81. Without the 

consideration of the physiological stress on the other hand earlier succession phases and 

ESWP disappeared completely and the succession in the whole study area progressed until 

EFP and TS. In this scenario the average similarity with the expert-based PNV-map dropped to 

0.73. 
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 Succession 
phase 

AS per category Area (ha)  Area (%) 
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IP 0.05 1.13 0.39 

PP 0.00 0.01 0.00 

HP 0.12 0.09 0.03 

SP 0.00 0.00 0.00 

ESWP 0.74 5.16 1.77 

LSWP 0.74 55.61 19.08 

EFP 0.93 63.17 21.67 

TS 0.82 61.16 20.98 

 
   

   
  S
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IP 0.00 5.45 1.87 

PP 0.00 0.00 0.00 

HP 0.04 0.53 0.18 

SP 0.00 0.01 0.00 

ESWP 0.50 8.95 3.07 

LSWP 0.74 27.60 9.47 

EFP 0.92 23.59 8.09 

TS 0.81 0.89 0.31 
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HP 0.17 0.14 0.05 

SP 0.01 0.88 0.30 

EFP 0.96 15.84 5.43 

TS 0.80 21.30 7.31 

Table 5: Validation results: Average Similarity (AS) of each succession phase with the expert-
based PNV map considering similarities along the successional gradient (Table 4) and the 

fuzziness of location as well as the areas (ha, %) of each succession phase  
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4.5 Discussion 

 

The simulation of the succession dynamics in our study area from shortly after it suffered the 

typical changes of site conditions in the 19th century until today demonstrates a steady, one-

way progression of the vegetation communities toward mature phases. A trend that has also 

been observed by other studies only based on historic data and aerial photos (Tockner and 

Stanford, 2002; Hohensinner et al., 2004; Ollero, 2010; Diaz-Redondo et al., 2017). The 

advantage of our modeling approach lies in the high temporal (1-year time step), spatial (5 m) 

and ecological resolution (succession lines and phases) as well as in the possibility to analyze 

the influence of the assumed key drivers. The steady habitat aging of large river floodplains 

has been mainly attributed to an impediment of geomorphologic dynamics through bank 

stabilization and flow regulation (Florsheim et al., 2008; Hohensinner et al., 2014). 

Correspondingly, our sensitivity analyses indicated that in our study area morphodynamic 

disturbances on vegetation are not strong enough to reset the succession phases. Succession 

is only controlled by “flood duration” which is able to slow it down in some areas around the 

margins of waterbodies where only Salix alba is adapted to resist the strong physiological 

stress caused by long flood durations (Glenz et al., 2006).  

Due to the temporal dynamics and complexity of the riparian ecosystem the reconstruction 

of the succession with the CASiMiR model is based on several assumptions and simplifications. 

Biotic factors were summed up in succession lines and phases that have been observed to 

show distinct responses to disturbances (Kovalchik and Clausnitzer, 2001; Naiman et al., 

2005). The model starting condition (vegetation distribution in 1872) has to be regarded with 

some degree of uncertainty. The low resolution of the historic maps and the short time span 

covered by them (1816-1872) only allowed a classification of the flood plain forests as ESWP 

or EFP. The unrealistic lack of LSWP in 1872 explains its sudden appearance (progression from 

ESWP without disturbance) at around 1910 in our simulation (Figure 16). Also, the spatial 

delineation of the succession lines from historic land cover transitions can only be considered 

an estimation. The recruitment module is an adaptation of the “recruitment box model” which 

assumes the spring mean water level as the main controlling factor of dispersal and seedling 
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survival (Mahoney and Rood, 1998). The disturbance module is based on the observation that 

in floodplains morphodynamic disturbance and physiological stress caused by floods are the 

main processes to control the survival and succession of vegetation (Bendix and Hupp, 2000; 

Naiman et al., 2008; Merritt et al., 2010). Regarding the morphodynamic disturbance indicator 

“shear stress” we only accounted for the maximum discharge registered in each year which 

has been recognized as the most relevant event (Junk et al., 1989; Friedman and Lee, 2002). 

The fixed topographic input of the simulation we consider a justified simplification of the 

complex hydro-geomorphological processes normally occurring within the floodplain (Gurnell, 

2016) because the artificial suppression of these dynamics is part of the altered site condition 

we wanted to model. Also, the resolution of the temporal dynamics regarding flood duration 

had to be reduced since the hydraulic modeling of every day of the whole simulation period 

would have been very time-consuming. 

Despite these simplifications the model accuracy is good. The validation of ecological models 

against expert-based PNV maps in areas where the actual vegetation cannot be used because 

of strong anthropogenic modification is common practice (Hickler et al., 2012; Somodi et al., 

2017). We chose the fuzzy approach to assess the agreement because it allowed the 

consideration of similarities between the vegetation communities along the successional 

gradient from “initial phase” to the “terminal stage” and the consideration of spatial proximity 

between cells. It is therefore regarded closer to human judgment than the traditional binary 

methods for map comparison that only report correct/incorrect and do not distinguish small 

differences from large differences (Visser and De Nijs, 2006). Only the early succession phases 

(area < 5%) did not match well but are also the most difficult to model because of their short 

life span and high sensitivity to disturbances. It should be noted however that the expert-

based estimation is highly uncertain too. Naturally occurring reeds for example are not easily 

distinguishable from anthropogenic reed occurrences. Their dominance and persistence in 

some areas can result from irregular mowing of former wetland meadows that allowed very 

competitive reed species like Phragmites australis to establish a dense cover and suppress the 

growth of trees and shrubs until today. Another complication is that Salix alba has been 

planted at some locations to cultivate cuttings for brush layering constructions.  
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Conclusion 

With the help of a dynamic floodplain vegetation model accounting for the processes 

recruitment, and the morphologic and physiologic effect of floods on plant communities we 

were able to reconstruct the succession dynamics of a large European river that suffered 

drastic alterations of its site condition in high spatial and temporal resolution and were able 

to isolate the yearly flood duration as the main driving factor. Our results of special relevance 

because long-term observations of the development of the flood plain vegetation of large 

rivers are extremely rare and difficult to interpret because of the high degree of direct 

modification of the actual vegetation through agriculture and forestry. The good agreement 

of the model results with the PNV map shows that our approach is a good alternative to the 

traditional, expert-based method to create a benchmark map for floodplain conservation and 

restoration projects with the big advantage of being comprehensive and reproducible. 

Moreover, the dynamic nature of our modeling approach allows for detailed analyses of the 

development of vegetation patterns as well as projections under different environmental 

scenarios (e.g. climate change, environmental flow assessment) (Politti et al., 2014; Rivaes et 

al., 2014, 2015).  
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5.1 Abstract 

 

The potential natural vegetation (PNV) is a useful benchmark for the restoration of large river 

floodplains because very few natural reference reaches exist. Expert-based approaches and 

different types of ecological models (static and dynamic) are commonly used for its estimation 

despite the conceptual differences they imply. For natural floodplains a static concept of PNV 

is not reasonable, as natural disturbances cause a constant resetting of succession. However, 

various forms of river regulation have disrupted the natural dynamics of most large European 

rivers for centuries. Therefore, we asked whether the consideration of succession dynamics 

and time-dependent habitat turnover are still relevant factors for PNV reconstruction. 

To answer this we compared the results of a simulation of the vegetation succession (1872 to 

2016) of a segment of the upper Rhine river after regulation (damming, straightening and bank 

protection) to different statistic and expert-based modeling approaches for the reconstruction 

of the PNV. The validation of the different PNV estimation methods against a set of 

independent reference plots and the direct comparison of their results revealed very similar 

performances. We therefore conclude that due to a lack of large disturbances, the vegetation 

of regulated large rivers has reached a near-equilibrium state with the altered hydrologic 

regime and that a static perception of its PNV may be justified. Consequently, statistical 

models seem to be the best option for its reconstruction since they need relatively few 

resources (data, time, expert knowledge) and are reproducible. 

 

Keywords: potential natural vegetation, PNV, riparian vegetation, floodplain, modeling, large 

rivers 
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5.2  Introduction 

River floodplains are amongst the most species‐rich and productive ecosystems (Naiman and 

Decamps, 1997). At the same time, these ecosystems are one of the most threatened and 

modified worldwide (Tockner and Stanford, 2002), highlighting the need for conservation and 

restoration efforts (Myers et al., 2000; Buijse et al., 2002). Such efforts, however, are 

challenged by a lack of natural reference sites for orientation (Whited et al., 2007). Indeed,  

90% of river floodplains in Europe and North America are used for agriculture or forestry and 

no longer harbor natural vegetation communities (Tockner and Stanford, 2002). Where no 

natural references exist, a potential natural vegetation (PNV) is often reconstructed and used 

as benchmark (Carranza et al., 2003; Klimas et al., 2009; Hickler et al., 2012; Schleupner and 

Schneider, 2013; Shi et al., 2016; Justice et al., 2017).  

But the concept of PNV and the methods for its reconstruction are highly controversial 

(Chiarucci et al., 2010; Mucina, 2010; Loidi and Fernández-González, 2012; Somodi et al., 

2012). PNV was first defined by Tüxen (1956) as the vegetation that would develop under 

present site conditions if human influences were excluded completely, and succession would 

reach its climax stage at once. It has often been thought of as a historic, pre-human reference 

condition (Hall and McGlone, 2006; Willis and Birks, 2006). However this idea has provoked 

disagreement (Mitchell, 2005; Carrión and Fernández, 2009) because it ignores that 

environmental conditions have changed since pre-human times (Nilsson et al., 2005; 

Dotterweich, 2008). Therefore, it has been argued that an estimation of the natural vegetation 

based on the assessment of present-day natural vegetation remnants is more reliable 

(Kowarik, 1987). But in areas with historically high levels of land use transformation this 

assessment is also prone to uncertainties (Zerbe, 1998). Another much-discussed issue is the 

consideration of ecosystem dynamics and stochasticity (Härdtle, 1995; Chiarucci et al., 2010), 

which are especially relevant in naturally disturbed areas (Leuschner, 1997; Zerbe, 1998; 

Jackson, 2013). The traditional PNV estimation method is expert-based and follows a floristic-

sociological approach (Westhoff and Van Der Maarel, 1978). It relies on the fieldworker’s 

assessment and understanding of ecology to extrapolate present-day natural vegetation 

remnants to similar environments (Kowarik, 1987; Moravec, 1998). This approach, however, 

lacks transparency and reproducibility. Furthermore, its implied static perception of PNV 
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makes predictions in dynamic systems questionable (Mucina, 2010). More comprehensive and 

also widely used for PNV estimations are ecological models based on the relationship between 

vegetation and environmental variables (Zerbe, 1998; Somodi et al., 2012). Two types can be 

differentiated that imply fundamental conceptual differences: static models and dynamic 

models (Hannon and Ruth, 1998). Static models describe a phenomenon at a given point in 

time and assume equilibrium between the vegetation and its environment. Dynamic models 

(e.g. process-based models or mechanistic models) are based on ecological processes and 

differ from static models by explicitly incorporating time-dependent changes in the system 

state. Therefore they are able to capture the transient response of vegetation to a changing 

environment (Hannon and Ruth, 2014).  

Little attention, however, has been given to issues surrounding PNV in fluvial contexts. The 

first modeling approaches of PNV in floodplains were static and tried to explain the vegetation 

patterns along vertical (height above channel) and lateral (distance away from channel) 

gradients (Hosner and Minckler, 1963; Nixon et al., 1977; Robertson et al., 1978; Hughes, 

1988; Bowman and Mcdonough, 1991; Glavac et al., 1992; Ward and Stanford, 1995; 

Ellenberg, 1996; Roberts and Ludwig, 2016). Later more advanced static models emerged that 

relate the vegetation distribution to a set of hydrologic variables based on expert rules 

(Pieterse et al., 1998; Lenders et al., 2001; Jungwirth et al., 2002; Aggenbach and Pelsma, 

2003; Runhaar, 2003; Baptist et al., 2004; Fuchs et al., 2012) or statistical analyses (Franz and 

Bazzaz, 1977; Auble et al., 1994; Menuz, 2011). Dynamic floodplain vegetation models 

combine a simulation of the hydrodynamics with the modeling of ecological processes (e.g. 

growth and mortality, recruitment, succession/retrogression, competition) and are used to 

describe the vegetation development over time (Pearlstine et al., 1985; Camporeale and 

Ridolfi, 2006; Benjankar et al., 2011; García-Arias and Francés, 2016). More recently, the 

dynamic feedbacks between vegetation and hydro-geomorphological processes have also 

been incorporated (Camporeale et al., 2013; Oorschot et al., 2016). We argue that for 

floodplains of unregulated rivers the original static concept of PNV based on a climax stage of 

vegetation is not reasonable because successional sequences are repeatedly rejuvenated and 

reset by hydro-geomorphological disturbances (Pringle et al., 1988). It has been theorized that 
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at the appropriate scale the proportion of successional phases would remain constant when 

processes of regression are compensated by progression, a dynamic equilibrium referred to 

as shifting steady-state mosaic (Bormann and Likens, 1979; Stanford et al., 2005; Geerling et 

al., 2006). While methodological advances reflect the growing recognition in the importance 

of allowing dynamic change in PNV estimation, various forms of river regulation have 

disrupted the natural dynamics in most large rivers (Dynesius and Nilsson, 1994; Buijse et al., 

2002). River damming and bank stabilization are the main reason for the impediment of 

dynamic geomorphological processes (e.g. avulsion, meandering, braiding) and decrease of 

hydrodynamic variability and disturbance in the riparian zone (Church, 1995; Nilsson and 

Berggren, 2000; Magilligan and Nislow, 2005; Petts and Gurnell, 2005).  

In this context, we investigated whether the consideration of succession dynamics and habitat 

turnover are still relevant factors for the model-based reconstruction of the PNV of regulated 

large river floodplains. Our hypothesis is that they can be neglected because riparian 

vegetation of regulated large rivers has reached a stable equilibrium due to the loss of natural 

disturbance dynamics. To test this idea we compared the results of a simulation of the 

succession dynamics (1872 to 2016) of the floodplain vegetation of a segment of the heavily 

regulated upper Rhine River to different static approaches for the estimation of its PNV a) a 

statistical model based on hydrologic predictors and the geomorphological age of site b) a 

statistical model only based on hydrologic predictors and c) a gradient approach only based 

on the distance to the mean water level. 

5.3 Methodology 

5.3.1 Study Area 

The Rhine River is one of the largest rivers in Central Europe, with a length of approximately 

1230 km and a catchment area of approximately 185300 km2. Our study area lies in the Upper 

Rhine region where the nival discharge regime is strongly influenced by snow-melt in the Alps 

(Belz and Frauenfelber-Kääb, 2007). Until the beginning of the 19th century the Upper Rhine 

could still be considered in natural condition (Gallusser and Schenker, 1992) and was classified 
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as a highly dynamic, island-dominated, anabranching river system (Gurnell and Petts, 2002; 

Herget and et al., 2005). During the course of the 19th century, however, the Upper Rhine 

River was transformed into a single-thread channel by cutting off meander bends and building 

groins and bank revetments (Bernhardt, 2000). In the 20th century river regulation intensified 

through the construction of 10 hydropower plants in the main channel or in artificial side 

channels (Dister et al., 1990). During this time industry and settlements also expanded in the 

study area (Habersack and Piégay, 2007). The study area is the “Raststatter Rheinaue”, a 

nature reserve on the eastern, German side of the floodplain that includes a 9-km segment of 

the Upper Rhine River downstream from the Iffezheim dam to the confluence of the river 

Murg (Rhine km 335.8 – 345, 114–110 m a.s.l.). It is only limited by flood dykes towards the 

east and is still regularly flooded. The study area covers approximately 645 ha (including water 

bodies).  
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Figure 18: Upper left corner: Location of study area in central Europe (dark grey) and the 
Rhine basin (light grey); Rest: Location of the study area along the eastern (German) side of 

the Rhine river and reference PNV plots, the dashed red line indicate the separation in 
calibration (downstream) and validation data (upstream) 
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5.3.2 Material and Data 

Historic maps 

Because the Upper Rhine has been the border between France and Germany, detailed maps 

were produced for the planning of the river straightening in the beginning of the 19th century. 

These indicate the location of water bodies, islands and gravel/sand bars within the aquatic 

area, as well as land uses in the floodplain (grasslands, forests, croplands and settlements). 

Our work is based primarily on four historical maps from that time (1816, 1838, 1852, 1872) 

that were georeferenced and classified in natural (natural water body, gravel/sand bar, 

grassland and forest) or anthropic (artificial water body, cropland, settlement and industry) 

habitat categories (for details see: Diaz-Redondo et al., 2017). 

Discharge data and Hydrodynamic model 

The analysis of the flow regime of the study area for the whole simulation period is based on 

the Maxau gauging station (Rhine km 362.3) which has the longest continuous record of daily 

discharge (1921 – today) and also records of the annual low, mean and high discharges for the 

period 1872 -1921 (Diaz-Redondo et al., 2017). A two-dimensional hydrodynamic model (SRH-

2D; Lai, 2008) of the Rhine river and its eastern floodplain was set up. The model bathymetry 

is based on a high-resolution (1 m) DEM (Wasserstrassen- und Schifffahrtsverwaltung des 

Bundes (WSV), 2016) supplemented by longitudinal profiles and cross-sections through the 

main water bodies in the study area (Díaz-Redondo et al., 2018). The model mesh consists of 

149900 nodes with an average distance of 20 m in the main channel, 10 m in the floodplain 

and down to 2 m in the river bank and dam zones. Break lines were integrated manually. Water 

surface elevations (WSE) for 6 flood events with return periods between 1 and 100 years 

provided by the German Federal Agency for Hydrology (BfG) were used for model calibration 

and setting of the lower boundary condition. Manning roughness coefficients were first 

appointed to the model elements based on different land use and lie around 0.083 for the 

floodplain forest and around 0.026 for the side channels and 0.037 for the main river channel. 
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Calibration was performed by adjusting Manning’s roughness coefficients to minimize the 

difference between modelled and measured WSEs. Mean WSE errors were between 1 cm for 

flood events with short return periods and 20 cm for higher return periods. 

Calibration and validation data 

We used an expert-based PNV map (Ochs et al., 2019) and analyzed the historical land-use to 

delineate likely reference areas for four main vegetation types: Reeds, softwood forest, 

transition forest and hardwood. Within these areas a total of 130 random sampling plots 

(radius = 5 m) were distributed with a minimum distance between them of 50 m. The PNV-

type of the plots was verified during several field visits (Föll and Egger, 2017). The verification 

was guided by indicator species from the herb and shrub layers (see Table B 1). Reeds could 

be confirmed in 8 plots, softwood forest in 36 plots, transition forest in 40 plots and 37 plots 

could be clearly identified as hardwood forest. To increase the independency of the 

assessment of the predictive performance and comparison between the different modeling 

approaches we split the study area geographically perpendicular to the river axis (Wenger and 

Olden, 2012). The downstream part that represents between 30% and 40 % of the reference 

plots of each vegetation type was used for validation (Figure 18). 

5.3.3 Dynamic succession model (DM) 

The dynamic floodplain vegetation model CASIMIR (Benjankar et al., 2011; Egger et al., 2013) 

was used to predict the PNV by simulating the succession of the floodplain vegetation from 

1872 to 2016. The time period was chosen because by 1872 the study area had already 

suffered the main hydro-morphological impacts through river straightening and 

channelization (Bernhardt, 2000). In the model, the riparian vegetation is represented in 

succession lines and their respective succession phases (Table A 2). The dynamic modules are: 

Recruitment, controlled by the spring mean water level as described by the recruitment box 

model (Mahoney and Rood, 1998) and Succession (Progression/Retrogression), controlled by 

the disturbance indicators “flood duration” and “shear stress” (Formann et al., 2014). Each 

year the recruitment module checks for bare soils in the bank and floodplain zone as well as 
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the water levels that allow seedling survival (Table A 3) and the disturbance module checks 

whether the critical values of the disturbance indicators are surpassed (Table A 4 and Table A 

5). The result of one simulated year will be used as input for the next year. The parametrization 

of the model was based on analyses of historic maps and historic discharge data. The model 

was calibrated against an expert-based PNV estimation of the upstream part of the study area 

so that the reference plots for validation can also be considered independent (for a detailed 

description of the model functioning and calibration/validation see Ochs et al., 2019 as well 

as Appendix B and C).  

For comparability the succession phases of the final year were aggregated to match the main 

PNV types in the study area (Table B 1). 

5.3.4  Statistic Models (SM1 and SM2) 

The statistic modeling approach for the classification of the main PNV types was based on the 

random forest algorithm (Breiman, 2001). Random forest selects random bootstrap samples 

from a given dataset to build a set of decision trees. The final prediction is based on the 

majority vote from the individually developed trees.  

We chose three predictors representing the hydrological control factors of riparian 

vegetation: flood duration, water depth and shear stress. For the flood duration raster, the 

average flood duration of each grid cell during the growing periods between 1921 -2016 was 

calculated (see Appendix B). Maps of water depth and shear stress were calculated for HQ10 

(4100 m³/s) so that the whole floodplain could be represented. In addition, we tested the 

influence of habitat age. The geomorphological age of different areas of the floodplain was 

derived through the analyses of the changes from water surfaces to sand and gravel bars on 

historic maps (Diaz-Redondo et al., 2017).  

We built two different models: SM1 was based on the hydrological predictors and 

geomorphological age, SM2 considered only the hydrological predictors. The models were set 

to grow 1000 trees based on bootstrap samples from the calibration plots. The sample was 
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balanced to compensate for the overrepresentation of softwood forest in the reference plots 

which according to an expert-based PNV map of 2017 covered around 10% of the study area. 

The statistical modeling was done in the R environment using the “randomForest” package 

(Liaw and Wiener, 2002). 

5.3.5 Gradient model (GM) 

The German Federal Institute of Hydrology (BfG) developed a gradient model for the large-

scale assessment of the main floodplain vegetation types for the free-flowing parts of River 

Rhine and Elbe in Germany. It is based on the field-observation that the occurrence of Salix 

alba at a site correlates with the relative height to the mean water level and the mean annual 

flood duration (Schleuter, 2014). The mean annual flood duration of a grid cell is calculated as 

follows (Schleuter, 2016): 

𝐹 = −70.599 ∗   𝐿𝑛(𝑋 + 0.50) + 88.711 

F = mean annual flood duration 

X = relative height to mean water level (m) 

 

The PNV types are then assigned based on expert knowledge (Table 6). 

 

PNV-type Relative height to mean water 

level (m) 

Mean annual flood 

duration 

Reeds, annuals < -0.14 220 – 160 

 Softwood forest -0.14 – 0.63 160 – 80 

Transition forest 0.63 – 1.23 80 – 50 

Hardwood forest 1.23 > 50 – 0 

Table 6:  Main PNV-types, relative height to the mean water level and mean annual flood 
duration according to the GM (Schleuter, 2016) 
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5.3.6 Model validation and comparison 

For validation of the predictive performance all models were tested against the same set of 

geographically separated reference plots. Based on a confusion matrix we calculated the 

global metrics overall accuracy (OA) and kappa coefficient (K) (Cohen, 1960), which corrects 

the OA for chance agreement. In addition, we calculated Sensitivity and Specificity for each 

PNV class. For comparison between the models all area-wide predictions were directly 

compared to each other by calculating the metrics Kappa (K), Kappa Location (KLoc) and Kappa 

histogram (Khist). KLoc describes the similarity of spatial allocation of categories of the two 

compared maps, and Khist describes the quantitative similarity (Pontius, 2000). The following 

rating system was applied: values greater than 0.75 indicate very good-to-excellent 

agreement, values between 0.40 and 0.75 indicate fair-to-good agreement, and values of 0.40 

or less indicate poor agreement (Landis and Koch, 1977). 

5.3.7 Results 

The results of the different approaches to reconstruct the PNV of our study area are shown in 

Figure 19. The overall agreement between the models was good. All approaches predicted 

hardwood forests to be the dominant vegetation class followed by transition forests, 

softwood forests and reeds (Table 7). Along the same sequence the agreement of the 

predictions between the approaches diminished (Table 8). Hardwood forests were predicted 

for about 50% of the study area by all models and the agreement (spatial and quantitative) 

was excellent to very good. Transition forests were estimated to cover around 35% by DM, 

SM1 and SM2 but only 26% by GM. The similarity of the predictions of DM and SM1/2 was 

very good but only fair when compared to GM. Softwood forests were predicted on only 7% 

of the area by the DM but nearly twice as much by the other models. The agreement between 

the DM and SM1/2 still can be considered fair but showed high discrepancies to GM. Reeds 

presented poor agreement between all models, especially spatially.  
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Figure 19: Predicted distribution of PNV types by the 4 modeling approaches 

 

 
 

DM SM1 SM2 GM 

Reeds 
Area (ha) 17.15 12.93 15.12 28.09 

Area (%) 3.5 2.6 3 5.7 

Softwood forest 
Area (ha) 32.19 70.75 70.40 78.67 

Area (%) 6.5 14.37 14.2 15.9 

Transition forest 
Area (ha) 183.25 164.28 161.34 129.29 

Area (%) 36.9 33.3 32.6 26.1 

Hardwood forest 
Area (ha) 263.43 247.75 248.85 259.93 

Area (%) 53.1 50.0 50.2 52.4 

Table 7:  Total areas of the PNV types predicted by the 4 modeling approaches 
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 SM1 SM2 GM 

  K Kloc Khist K Kloc Khist K Kloc Khist 
 

DM 0.59 0.68 0.87 0.53 0.60 0.87 0.42 0.52 0.81 

Reeds 0.01 0.10 0.86 0.10 0.10 0.93 0.36 0.48 0.54 

Softwood forests 0.43 0.74 0.59 0.44 0.74 0.60 0.25 0.46 0.54 

Transition forests 0.55 0.60 0.92 0.46 0.51 0.72 0.30 0.40 0.75 

Hardwood forests 0.74 0.79 0.94 0.68 0.72 0.94 0.60 0.61 0.99 

SM1    0.87 0.88 0.98 0.51 0.58 0.88 

Reeds    0.72 0.79 0.92 0.14 0.235 0.61 

Softwood forests    0.96 0.96 0.99 0.44 0.43 0.92 

Transition forests    0.83 0.84 0.99 0.42 0.50 0.83 

Hardwood forests    0.89 0.89 0.99 0.71 0.74 0.95 

SM2       0.51 0.56 0.89 

Reeds       0.16 0.23 0.68 

Softwood forests       0.41 0.44 0.93 

Transition forests       0.42 0.50 0.85 

Hardwood forests       0.70 0.72 0.95 

Table 8:  Agreement metrics between the four modelling approaches (green = good-to-
excellent; yellow =  fair-to-good; grey = poor) 
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Validation 

Overall the DM, SM1 and SM2 showed good and the GM fair predictive performance. Notably, 

SM1 and SM2 performed identically. All models were unable to detect reeds (sensitivity = 0). 

Softwood forest and Hardwood forests were predicted with very good accuracy. But SM1, 

SM2 and GM only identified around 50% of transition forest reference plots correctly. 

The “Mean Decrease Accuracy” and “Mean Decrease Gini” measures of the random forest 

models both revealed flood duration to be the most important predictor. “Habitat age” and 

“shear stress” were the least important ones. 

    DM SM1 SM2 GM 

  OA 0.80 0.76 0.76 0.69 

  Kappa 0.72 0.65 0.65 0.54 

Reeds 
Sensitivity 0 0 0 0 

Specificity 0.97 1 1 0.97 

Softwood 

forest 

Sensitivity 0.72 0.90 0.90 0.72 

Specificity 1 0.90 0.90 1 

Transition 

forest 

Sensitivity 0.85 0.54 0.54 0.46 

Specificity 0.90 0.97 0.97 0.96 

Hardwood 

forest 

Sensitivity 1 1 1 1 

Specificity 0.85 0.77 0.77 0.59 

Table 9: Accuracy measures of the four modelling approaches ((green = good-to-excellent; 
yellow =  fair-to-good; grey = poor) 

 



 

 

 

168 

 

168 Modeling the Distribution of Riverine Vegetation 

5.4 Discussion 

The equally good performances of the dynamic and static modeling approaches in predicting 

the PNV of our study area support the hypothesis that due to the loss of natural disturbance 

dynamics the riparian vegetation in our study area has reached a stable equilibrium with the 

hydrological control factors.  

Sensitivity analyses of the statistic model and the DM (Ochs et al., 2019) revealed that the PNV 

is mainly determined by “flood duration”. But we show that the resulting pattern of softwood, 

transition and hardwood forest is explained equally well by a static average as a reconstruction 

of the temporal dynamics of the flood regime (DM). Even more, the fair results of the gradient 

approach show that the relative height to the mean water level also captures most of the 

influencing factors of riparian vegetation. With the predictor “habitat age”, we wanted to 

include a time dimension to the static modeling approach as an indication of a possible 

successional progression. However, roughly 150 years after geomorphological changes have 

been impeded habitat age proved to have no influence on the present vegetation 

communities. The transition of the large-scale dynamic equilibrium of natural floodplain 

ecosystem to a more mature and stable state after river regulation has also been recognized 

by other studies (Tockner and Stanford, 2002; Hohensinner et al., 2004; Ollero, 2010; Diaz-

Redondo et al., 2017) and has been mainly attributed to an impediment of morphologic 

dynamics through bank stabilization and flow regulation (Florsheim et al., 2008; Hohensinner 

et al., 2014).  

To allow for the comparison of the model predictions we validated the results against a 

geographically separated holdout sample. The spatial blocking strategy increases the 

independency of the sample and allows an effective test of a models transferability (Wenger 

and Olden, 2012; Roberts et al., 2017). It meant however, a trade-off with the sample size 

used for calibration of the statistical model which already had to be considered small (Wisz et 

al., 2008). Nevertheless, random forests are recognized as one of the most accurate species 

distribution modeling techniques (Elith et al., 2006; Cutler et al., 2007). Also, some confidence 

about our results can be drawn from the good agreement between the modeling approaches 
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themselves. The reference plots were identified based on indicator species from the herb and 

shrub layers (Table B 1) that usually develop without direct human manipulation (Metzger and 

Schultz, 1984; Gilliam, 2007). As opposed to area-wide expert-based assessments of PNV that 

are often used to validate ecological models in areas of high anthropogenic transformation 

(Hickler et al., 2012; Somodi et al., 2017) the reference plots are not extrapolated and 

therefore more comprehensive and less prone to uncertainties.  

All tested modeling approaches simplify the complex floodplain ecosystem and are based on 

several assumptions. They assume that in our study area the hydrological control factors are 

most relevant and neglect other factors that are known to influence plant communities in 

floodplains. Regarding the occurrence of reeds this seems to be an oversimplification since no 

model was able to detect it. The proliferation and dominance of Phragmites australis can be 

linked to nutrient competition and allelopathy (Hazelton et al., 2014; Uddin and Robinson, 

2018). The fixed topographic input and disregard of the complex hydro-morphological 

processes normally occurring within the floodplain (Gurnell, 2016) can be justified in part by 

river regulation measures and artificially stabilized banks (a further in-depth discussion of the 

uncertainties regarding the dynamic model Casimir vegetation can be found here: Benjankar 

et al., 2011 and Ochs et al., 2019). Another obvious source of prediction bias for both the 

statistic and dynamic model are possible errors in the hydrological model and the historic 

maps that were used for parameterization. 

In addition to the predictive performance, other important criteria when choosing a model 

are the required resources and deployment time. The simulation of succession dynamics for 

nearly 150 years was only possible with access to data of high spatiotemporal resolution and 

a high level of expert knowledge as well as a laborious calibration process. The static models 

on the other hand needed less data, know-how and time. Especially the very simple gradient 

model (GM) which still showed fair agreement with the other modeling approaches doesn’t 

even need hydraulic simulations since it is only based on the relative distance to the mean 

water level. 
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Conclusion 

The high degree of transformation of large river floodplains through forestry and agriculture 

makes PNV  a valuable concept, particularly as a benchmark for conservation measures. 

Although the conceptual and methodological issues around PNV are much discussed 

(Chiarucci et al., 2010; Loidi and Fernández-González, 2012; Somodi et al., 2012) the specific 

challenges for its reconstruction in river flood plains have gained little attention. Because 

natural floodplains are a disturbance-driven ecosystem, the classical, static PNV definition is 

not reasonable. However, through the direct comparison of process-based and statistic 

modeling approaches for PNV we showed that after 150 years of river regulation and 

impediment of geomorphological dynamics the riparian vegetation has reached a stable 

equilibrium state with its hydrologic control factors. A static perception of its PNV seems 

justified. Consequently, statistical models are the best option for its reconstruction, since they 

need relatively few resources (data, time, expert knowledge) and are reproducible. 
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6 CONCLUSION 

Under the premise of the goals of the FLUVIO doctoral program and the awareness that for 

restoration and management of the riverine ecosystem it is fundamental to understand and 

predict the spatial patterns of its vegetation the presented Ph.D. research had the overall 

objective to explore different modeling approaches that could help river managers to make 

predictions about the distribution of riverine vegetation in regulated river systems. The 

underlying research question was how river regulation affects the patterns of aquatic and 

riparian vegetation and whether the assumption of equilibrium between vegetation and 

environmental factors inherent of static models can be justified due to the reduction of fluvial 

dynamics. 

In Chapter 2 of this thesis a systematic, quantitative literature review in English speaking 

journals on models to predict the distribution of riverine vegetation on reach scale was 

performed with the aim to give a comprehensive overview of the model landscape and 

identify research gaps to guide the further development of the thesis. One of the results was 

that the number of models to predict the distribution of riverine vegetation is increasing 

across the globe but that current research is disproportionately focused on riparian vegetation 

and towards rivers in developed nations as well as temperate and mediterranean habitats of 

the northern hemisphere. We also observed that despite the recognition that the riverine 

ecosystem is disturbance driven over one-third of all models were based on the assumption 

of equilibrium between environmental factors and vegetation distribution which led us to the 

overall research question of whether this might be a justified simplification because of river 

regulation. Additionally, we detected a lack of models that consider the simulation of 

succession and competition which have to be regarded dominant processes in the largest 

parts of most floodplains and a lack of models that consider the feedbacks between hydro-

morphology and riverine vegetation. Also, less than 10% of all models were validated against 

spatial independent data.  
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Chapter 3 is a reaction to the diagnosed lack of models for aquatic vegetation. It contributed 

to the overall research question through the development and testing of a habitat suitability 

model for aquatic vegetation based on hydrological variables to study the effect of artificially 

stabilized (static) low flows during the vegetation period on the invasion and proliferation of 

aquatic vegetation. Although the high sensitivity of aquatic vegetation to the instream 

hydraulic condition is known models for aquatic vegetation based on hydrological variables 

and management approaches based on flow regulation are relatively unexplored. Through 

field measurements of species presence/absence and the parameters flow velocity, water 

depth and substrate it was possible to build a habitat suitability model for the invasive 

Myriophyllum aquaticum as well as the most frequent native species Potamogetum crispus 

and Sparganium ercetum, that showed high accuracy against spatial independent 

presence/absence data. The good accuracy of the habitat suitability model indicates that the 

distribution of macrophytes during the vegetation period is in equilibrium with the artificially 

stabilized hydraulic condition. Further, through the coupling of the habitat suitability model 

with a two-dimensional hydraulic model, it was possible to determine minimum annual flows 

that reduce the habitat of the invader Myriophyllum aquaticum while simultaneously 

promoting that of native species. Which led to the conclusion that maintaining minimum 

discharges above a certain threshold in order to prevent channel encroachment may be an 

ecologically and financially advantageous addition to the range of commonly practiced control 

measures.  

Chapter 4 contributed to the thesis objective by investigating the effects of the extreme 

reduction of hydro-geomorphological disturbances that most European large rivers suffered 

during the last centuries on the succession trajectory of the floodplain vegetation through the 

use of a dynamic succession model. Based on historic maps and discharge time series we 

presented a novel methodology for the parametrization of the dynamic model CASiMiR 

Vegetation and were able to reconstruct the succession dynamics of a large European river in 

a high spatial and temporal resolution. This is of special interest because long-term 

observations of the development of the flood plain vegetation of large rivers are extremely 

rare and difficult to interpret because of the high degree of direct modification of the actual 



 

 

187 

 

187 Conclusion 

vegetation through agriculture and forestry. Through the simulation we found out that due to 

a lack of fluvial disturbances strong enough to reset succession vegetation communities 

demonstrated a steady progression toward mature phases without regression to younger 

stages and that the habitat progression slows down over time as more habitat remains 

changeless towards the end of the simulation period. Physiological stress caused by long 

inundations periods was the most relevant controlling factor of succession. We argued that 

the resulting vegetation distribution (2016) can be considered an estimation of the potential 

natural vegetation (PNV) under altered site conditions and that the good agreement of the 

model results with an expert-based PNV map showed that our approach is an alternative to 

create benchmark maps for floodplain conservation and restoration projects which has the 

big advantage over the traditional approach that it allows analyzing different points in time as 

well as to be comprehensive and reproducible. 

The thesis culminated in chapter 5 where we, based on the observations in chapters 2 and 4, 

directly addressed the question of whether the consideration of succession dynamics and 

disturbance stochasticity are still relevant to model vegetation patterns of regulated large 

river floodplains. To answer it we compared the results of the simulation of the vegetation 

succession from chapter 4 to different statistic and expert-based modeling approaches for the 

distribution of floodplain vegetation for the same area and discussed them in regard to the 

concept of Potential Natural Vegetation (PNV). The validation of the different PNV estimation 

methods against a set of independent reference plots and the direct comparison of their 

results revealed very similar performances. The most important predictor of PNV, identified 

by all approaches, is flood duration. But the resulting pattern of softwood, transition and 

hardwood forest is explained equally well by a static average as a reconstruction of the 

temporal dynamics of the flood regime. We therefore conclude that due to a lack of 

disturbances, the vegetation of regulated large rivers has indeed reached a near-equilibrium 

state with the altered hydrologic regime and that a static perception of its PNV seems 

reasonable.  
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Consequently, from a manager´s perspective, in artificially stabilized environments, such as 

the Sorraia river in Portugal (chapter 3) or the Rhine River in Germany (chapter 4 and 5) static 

models based on an equilibrium assumption seem to be an adequate option for the modeling 

of the distribution of riverine vegetation since they show high accuracy, need relatively few 

resources (data, time, expert knowledge) and are still comprehensive and reproducible. 

6.1 Ways forward 

The modeling of the distribution of riverine vegetation is a very complex topic due to the 

various interactions between vegetation and fluvial process and in this thesis it was only 

possible to focus on a small subsection. However, during the course of research other issues 

regarding the modeling of the distribution of riverine vegetation have been identified that 

deserve a more detailed examination. Therefore we want to present the following 

recommendations for further research: 

 

• Extension of research to the southern hemisphere and to river systems of other 

biomes than the temperate and Mediterranean climate. The tropical and 

subtropical regions where  the world’s most biodiverse river basins (the Amazon, 

Congo, and Mekong) can be found and that are experiencing an boom in the 

construction of hydropower dams would be an interesting area for model 

development and application. 

 

• Model development to predict the distribution of aquatic vegetation considering 

fluvial dynamics as spatial decision support for environmental management on 

reach scale. 
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• Further research is needed to understand the effect of stochastic variability of 

river discharge and, in regard to riparian vegetation of groundwater flow (spatial-

temporal dynamics of soil moisture and of water table) on vegetation patterns. 

 

• More models need to be developed that account for competition and facilitation 

processes since they directly control the dominance of specific species by resource 

competition and the creation of favorable settlement conditions for other species 

by facilitation. These process become especially important in the context of 

species invasions which rivers are particularly prone to.  

 

• Development of models that incorporate the direct interactions of vegetation with 

geo-morphodynamic processes such as interactions between vegetation and the 

flow field and its implications on sediment transport as well as the interaction 

between river bank accretion and vegetation dynamics. Of particular interest is 

facilitation by ecosystem engineers (e.g. Salicaceae specie, Sparganium erectum) 

that modify the flow field and trap sediments around (point) bars because it is an 

important process to take into account for the prediction of vegetation 

distribution and river planform development in natural river systems. 

 

• Testing of  model reliability through validation against independent data from 

different geographic regions or spatially distinct subsets of the region or different 

time periods. 
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APPENDIX A – CASIMIR VEGETATION PARAMETER 

Historic land-use Starting condition (1872) 

1816 1838 1852 1872 Succession 
phase 

Age Succession line 

       

- Gravel Forest Forest ESWP 33 Sand aggradation 
line 

- Water Forest Forest ESWP 33 Silt aggradation 
line 

- - Gravel Forest ESWP 19 Sand aggradation 
line 

- - Water Forest ESWP 19 Silt aggradation 
line 

Forest Forest Forest Forest EFP 100 Sand aggradation 
line 

- - - Grass-land, 
agriculture 
areas 

HP 1 Secondary 
succession 

- - - Gravel-, 
sand-bank 

IP 1 Sand aggradation 
line 

- - - Other 
forests 

ESWP 33 Sand aggradation 
line 

Table A 1: Deduction of the starting condition derived from the analysis of the chronological 
sequence of forest, gravel and water surfaces on historical maps (Abbreviations: IP, Initial 

Phase; HP, Herb Phase; ESWP, Early Successional Woodland Phase; EFP, Established Forest 
Phase). 
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Figure A 1: Historic maps used to reconstruct the model starting condition 
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Figure A 2: Starting condition (1872) used as model input. It was derived from the analysis of 
the chronological sequence of forest, gravel and water surfaces on historical maps. 

Abbreviations: IP, Initial Phase; PP, Pioneer Phase; HP, Herb Phase; SP, Shrub Phase; ESWP, 
Early Successional Woodland Phase; LSWP, Late Successional Woodland Phase; EFP, 

Established Forest Phase; TS, Terminal Stage 
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Succession lines Phase Age / life span without 
disturbance (years)  

Sand aggradation line 

IP 0-1 

PP 2-3 

HP 4-9 

SP 10-15 

ESWP 16-59 

LSWP 60-99 

EFP 100-139 

TS  140-1000  

Silt aggradation line 

SW 20 

IP 0-1 

PP 2-3 

HP 4-15 

SP 16-25 

ESWP 26-69 

LSWP 70-109 

EFP 110-159 

TS 160-1000 

Secondary succession 

HP 0-5 

SP 6-29 

EFP 30-79 

TS 80-1000 

Table A 2: Succession lines, phases and age spans of the vegetation model. Abbreviations: IP, 
Initial Phase; PP, Pioneer Phase; HP, Herb Phase; SP, Shrub Phase; ESWP, Early Successional 
Woodland Phase; LSWP, Late Successional Woodland Phase; EFP, Established Forest Phase; 

TS, Terminal Stage 
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Succession lines Bank zone Floodplain zone  

Min. water 
level 

(m)  

Max. water 
level (m) 

Min. water level 
(m) 

Max. water 
level (m)  

Sand aggradation 
line 1 5 1 5 

Silt aggradation line 7 1000 7 1000 

Secondary 
succession 1 5 1 5 

Table A 3:  Water levels for the bank and floodplain zone that allow recruitment. The 
maximum water levels of the silt aggradation lines are chosen so high that potential outliers 

will be included 

 

Succession 
phase 

Disturbance class – shear stress  

Very low  low medium strong Very strong 

 (0.1 - 2 N/m²) (2 - 5 N/m²) (5 - 50 N/m²) 

 

(50 - 200 
N/m²) 

(> 200 N/m²) 

IP no effect remains in IP remains in IP remains in IP remains in IP 

PP no effect no effect remains in PP set back to IP set back to IP 

HP no effect no effect remains in HP set back to PP set back to IP 

SP no effect no effect no effect remains in SP set back to IP 

ESWP no effect no effect no effect 
remains in 
ESWP 

set back to IP 

LSWP no effect no effect no effect 
remains in 
LSWP 

set back to IP 

EFP no effect no effect no effect 
remains in 
EFP 

set back to IP 

TS no effect no effect no effect remains in TS set back to IP 

Table A 4 :  Expert rules of the vegetation model controlling succession for the disturbance 
indicator shear stress 
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Succession 

phase 

                                       Disturbance class – flood duration 

Very low low medium strong Very strong 

 (0-5 days) (5-20 days) (20-70 days) (70-120 days) (110-183 days) 

IP no effect no effect remains in IP remains in IP remains in IP 

PP no effect no effect remains in PP set back to IP set back to IP 

HP no effect no effect no effect remains in HP set back to PP 

SP no effect no effect no effect remains in SP set back to PP 

ESWP no effect no effect no effect no effect 
remains in 

ESWP 

LSWP no effect no effect 
remains in 

LSWP 

remains in 

LSWP 

set back to 

ESWP 

EFP no effect 
remains in 

EFP 
remains in EFP 

set back to 

LSWP 

set back to 

LSWP 

TS no effect 
remains in 

TS 
remains in TS set back to EFP 

set back to 

LSWP 

 Table A 5: Expert rules of the vegetation model controlling succession for the disturbance 
indicator flood duration 
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APPENDIX B  ‐ MAIN PNV‐TYPES AND THEIR INDICATOR SPECIES 

PNV-Type I PNV-Type II Forest 

layer 

Indicator species 

Reeds 

Pioneer 

vegetation 

TL - 

SL - 

HL 
Mentha aquatica 

Symphytum officinale 

Reeds and 

natural 

grasslands 

TL - 

SL - 

HL 

Phragmites australis 

Agrostis gigantea 

Calystegia sepium 

Galium aparine 

Softwood 

Forests 

Willow shrubs 

TL - 

SL 

Salix alba 

Salix purpurea 

Salix viminalis 

HL 
Mentha aquatica 

Myosotis palustris 

Salicetum albae 

TL Salix alba 

SL Salix alba 

HL Myosotis palustris 
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Rhorippa amphibia 

Senetio paludosus 

Mentha aquatica 

Phalaris arundinacea 

Myosotis palustris 

Rubus caesius 

Galium palustre 

Phragmites australis 

Rorippa amphibia 

Symphytum officinale 

Transition Forest 

Salicitum albae - 

Querco-

Ulmetum 

TL Salix alba 

SL 

Cornus sanguinea 

Viburnum opulus 

Crataegus monogyna 

HL 
Rubus caesius 

Phalaris arundinacea 

Hardwood 

forest 

Querco-

Ulmetum 

 

TL 

Fraxinus excelsior 

Acer platanoides 

Quercus robur 

Acer campestre 

Alnus incana 

SL Cornus sanguinea 
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Crataegus monogyna 

Viburnum opulus 

Ligustrum vulgare 

Corylus avellana 

HL 

Rubus caesius 

Galium aparine 

Hedera helix 

Impatiens glandulifera 

Paris quadrifolia 

Viola reichenbachiana 

Stellario -

Carpinetum 

TL 

Carpinus betulus 

Acer Campestre 

Quercus robur 

SL Corylus avellana 

HL 
Allium ursinium 

Stellaria holesta 

Table B 1: Main PNV-types, forest layer (TL – tree layer, SL – shrub layer, HL – herb layer) and 
their indicator species (Dister, 1980) 

 



 

 

 

200 

 

200 Modeling the Distribution of Riverine Vegetation 

APPENDIX C ‐ CALCULATION OF FLOOD DURATION 

Map representations of flood duration were needed as input for the DM and static models. 

For the DM five representative years (dry, medium wet, wet, very wet and extreme wet) from 

the period 1921-2016 were selected based on their maximum, mean and minimum discharge 

and the representativeness of the flow duration curve (Table C 1). For the SM the average 

flood duration of the vegetation period (1921-2016) was considered. To reduce the 

calculational efforts for the hydrodynamic modeling, 14 discharges were selected to best 

represent the average flow duration curve of the vegetation period (Table C 2). Using the two-

dimensional hydrodynamic model, the water surface elevations (WSE) for these 14 discharges 

were calculated for the whole study area. In a first step the results from the irregular 

hydrodynamic model mesh were transferred into raster (regular grids). For the calculation of 

the flood duration raster of each representative year we attributed to the WSE of the 14 

modeled discharges the number of days that they were exceeded during the growing period 

through analyzing the respective hydrographs (Table C 2). 

Year Category Max. 

Discharge 

Mean 

Discharge 

Min. 

discharge 

Discharge >= 

2000 m³/s 

(days) 

1999 extremely wet 4330 1917 818 -  

1965 very wet 3530 2048 1260 > 80 

1978 wet 4140 1698 862 45 - 79 

1985 medium 2720 1419 686 8 - 44 

1943 dry 2140 1087 622 0 - 7 

Table C 1: Representative years for the calculation of the flood duration raster, their category 
and criteria for selection  
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Discharge 
(m³/s) 

Character                    Days exceeded in year category 

  dry medium wet very wet extremely 
wet 

609 Other 183 183 183 183 183 

1257 MQ 39 112 135 183 147 

1600 Other 14 63 96 149 111 

2000 Other 2 8 46 99 66 

2200 Other 0 5 20 67 53 

2450 Other 0 2 12 40 39 

2724 HQ1 0 0 8 13 35 

2850 HQ2 0 0 7 7 29 

3000 Other 0 0 6 4 21 

3150 Other 0 0 5 3 13 

3594 HQ5 0 0 3 0 7 

4100 HQ10 0 0 1 0 3 

4900 HQ50 0 0 0 0 0 

5300 HQ100 0 0 0 0 0 

 Table C 2: Characteristic discharges and the numbers of days each is exceeded in the 
vegetation period of each representative year category 

 

 

 

The final raster was then composed through superimposing the WSE of each modelled 

discharge and their number of days exceeded. The flood duration of the grid cell located 

between the water edge lines of two neighboring WSE was calculated according to the relative 

vertical position of the grid cell between the two calculated water surface elevation, as shown 

in Figure C 1:  and the following equation: 
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𝐹𝐷𝑛 = 𝐹𝐷𝑄1 − ∆𝐹𝐷
(𝑧𝑛 − 𝑊𝑆𝐸𝑄1)

(𝑊𝑆𝐸𝑄2 − 𝑊𝑆𝐸𝑄1)
 

with 

𝐹𝐷𝑛   = flood duration of grid cell n located between the water edge of flow rate Q1 and flow 

rate Q2, [days] 

 

𝐹𝐷𝑄1  = flooding duration for flow rate Q1 [days]  

∆𝐹𝐷  = difference between flooding duration for flow rate Q1 and Q2 [days] 

𝑧𝑛  = terrain elevation of grid cell n, [meter above sea level] 

𝑊𝑆𝐸𝑄1 = Water surface elevation for flow rate Q1 (extrapolated,) [meter above sea level] 

𝑊𝑆𝐸𝑄2 = Water surface elevation for flow rate Q2, [meter above sea level]  

Eq. C 1:  Calculation of the flood duration of a grid cell located between the water edges of 
two modeled discharges  

 

Figure C 1: Illustration for the calculation of the flood duration of a grid cell located between 
the water edges of two modeled discharges (Eq. C 1)  
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APPENDIX D – DATABASE OF MODELS OF SPATIAL DISTRIBUTION OF RIVERINE VEGETATION ON REACH SCALE (SUMMARIZED) 

 

Citation  Research 

goal 

Country Biome Catch-

ment 

size 

Alti-

tude 

Regulation 

measures 

Model app-

roach 

Response 

level 

Vegetation 

Processes 

Variables 

affecting 

vegetation 

Validation 

Tinoco, A. I., Furman, B. T., Darnell, K. M., and 

Peterson, B. J. (2017). Submerged aquatic vegetation, 

topography and flow characteristics in the upper, tidal 

Hudson River: Progress toward a predictive habitat 

model. Aquat. Bot. 142, 53–60. 

doi:10.1016/j.aquabot.2017.06.006. 

Theoretical 

ecology 

USA Temperate 

Broadleaf & 

Mixed Forests 

Very 

Large 

low Flow 

regulation 

Correlative 

(static) 

Single 

species 

none Water 

attributes, 

flow regime 

Hold out 

(geo.) 

Zefferman, E. P., and Harris, D. J. (2016). Predicting 

drivers of nuisance macrophyte cover in a regulated 

California stream using boosted regression tree 

models. J. Aquat. Plant Manag. 54, 78–86. 

Conservat-

ion planning 

USA Mediterranean 

Forests, 

Woodlands & 

Scrub 

Large mid Flow 

regulation 

Correlative 

(static) 

Species 

group 

none Climate, soil 

attributes,  

flow regime 

Hold out 

(geo.) 

Spencer, D. F., and Carruthers, R. I. (2013). Predicting 

Eurasian watermilfoil’s (Myriophyllum spicatum) 

distribution and its likely response to biological control 

in a spring-fed river. J. Aquat. Plant Manag. 51, 7–14. 

Conservat-

ion planning 

USA Temperate 

Conifer Forests 

Large high Flow 

regulation 

Correlative 

(static) 

Single 

species 

none Water 

attributes 

none 

Sousa, W. T. Z., Thomaz, S. M., Murphy, K. J., Silveira, 

M. J., and Mormul, R. P. (2009). Environmental 

predictors of the occurrence of exotic Hydrilla 

Theoretical 

ecology 

Brazil Tropical & 

Subtropical 

Moist Broadleaf 

Very 

large 

mid Flow 

regulation 

Correlative 

(static) 

Single 

species 

None Water 

attributes, soil 

attributes 

Hold out 

(geo.) 
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verticillata (L.f.) Royle and native Egeria najas Planch. 

in a sub-tropical river floodplain: the Upper River 

Paraná, Brazil. Hydrobiologia 632, 65–78. 

doi:10.1007/s10750-009-9828-3. 

Forests 

Table D 1: Database of scientific publications regarding models for the distribution of aquatic vegetation on reach scale 

 

 

Citation  Research 

goal 

Country Biome Catch-

ment 

size 

Alti-

tude 

Regulation 

measures 

Model app-

roach 

Response 

level 

Vegetation 

Processes 

Variables 

affecting 

vegetation 

Validation 

García-Arias, A., and Francés, F. (2016). The RVDM: 

modelling impacts, evolution and competition 

processes to determine riparian vegetation dynamics. 

Ecohydrology 9, 438–459. doi:10.1002/eco.1648. 

Model 

develop-

ment 

Spain Mediterranean 

Forests, 

Woodlands & 

Scrub 

Medium High Free 

flowing 

Process-

equation-

based 

Species 

group 

Recruitment, 

succession, 

growth, 

competition, 

mortality 

Soil, flow 

regime, 

topographic, 

climate 

hold out 

(temp.) 

Franz, E. H., and Bazzaz, F. a (1977). Simulation of 

Vegetation Response to Modified Hydrologic Regimes: 

A Probabilistic Model Based on Niche Differentiation in 

a Floodplain Forest. Ecology 58, 176–183. 

doi:10.2307/1935119. 

Impact 

assessment 

USA Temperate 

Grasslands, 

Savannas & 

Shrublands 

Large Low Flow 

regulation 

Correlative 

(static) 

Single 

species 

none Topographic none 
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Pearlstine, L., McKellar, H., and Kitchens, W. (1985). 

Modelling the impacts of a river diversion on 

bottomland forest communities in the Santee River 

floodplain, South Carolina. Ecol. Modell. 29, 283–302. 

doi:10.1016/0304-3800(85)90057-2. 

Impact 

assessment 

USA Temperate 

Grasslands, 

Savannas & 

Shrublands 

Large Mid. Flow 

regulation, 

channelizat

ion 

Process-

equation-

based 

Species 

group 

Recruitment, 

growth, mortality 

Soil, 

topographic, 

flow regime 

independent 

Auble, G. T., Friedman, J. M., and Scott, M. L. (1994). 

Relating Riparian Vegetation to Present and Future 

Streamflows. Ecol. Appl. 4, 544–554. 

doi:10.2307/1941956. 

Impact 

assessment 

USA Deserts & Xeric 

Shrublands 

Very 

large 

High Flow 

regulation 

Correlative 

(static) 

Species 

group 

None Flow regime none 

Toner, M., and Keddy, P. (1997). River hydrology and 

riparian wetlands: A predictive model for ecological 

assembly. Ecol. Appl. 7, 236–246. doi:10.1890/1051-

0761(1997)007[0236:RHARWA]2.0.CO;2. 

Model 

develop-

ment 

Canada Temperate 

Broadleaf & 

Mixed Forests 

Very 

large  

Low Flow 

regulation 

Correlative 

(static) 

Species 

group 

None Flow regime resubstitution 

Loheide, S. P., and Gorelick, S. M. (2007). Riparian 

hydroecology: A coupled model of the observed 

interactions between groundwater flow and meadow 

vegetation patterning. Water Resour. Res. 43, 1–16. 

doi:10.1029/2006WR005233. 

Theoretical 

ecology 

USA Temperate 

Conifer Forests 

Small High Flow 

regulation 

Process-

equation-

based 

Species 

group 

Mortality Hydrologic none 

Hanson, J. S., Malanson, G. P., and Armstrong, M. P. 

(1990). Landscape fragmentation and dispersal in a 

model of riparian forest dynamics. Ecol. Modell. 49, 

277–296. doi:10.1016/0304-3800(90)90031-B. 

Model 

develop-

ment 

None None None None None Process-

equation-

based 

Single 

species 

Dispersal, 

recruitment, 

growth, mortality 

Soil, 

topographic, 

flow regime 

none 

Harper, E. B., Stella, J. C., and Fremier, A. K. (2011). 

Global sensitivity analysis for complex ecological 

models: a case study of riparian cottonwood 

population dynamics. Ecol. Appl. 21, 1225–40. 

Model 

develop-

ment 

USA Mediterranean 

Forests, 

Woodlands & 

Scrub 

Very 

large 

Low Flow 

regulation 

Process-rule-

based 

Single 

species 

Recruitment, 

growth 

Topography, 

flow regime 

hold out 

(geo.) 
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doi:10.1890/10-0506.1. 

Schaepman, M. E., Wamelink, G. W. W., van Dobben, 

H. F., Gloor, M., Schaepman-Strub, G., Kooistra, L., et 

al. (2007). River Floodplain Vegetation Scenario 

Development Using Imaging Spectroscopy Derived 

Products as Input Variables in a Dynamic Vegetation 

Model. Photogramm. Eng. Remote Sens. 73, 1179–

1188. doi:10.14358/PERS.73.10.1179. 
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Table D 2: Database of scientific publications regarding models for the distribution of riparian vegetation on reach scale. Publications belonging to the same 
unique model are grouped by the background color (grey/white). 


