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Summary  

Background and Introd uction to Deliverable 2.2 . Work Package 2 of REFORM focuses on 

hydromorphological and ecological processes and interactions within  river systems with a 

particular emphasis on naturally functioning systems. It provides a context for research  

on the impacts of hydromorphological changes in Work Package 3 and for assessments of 

the effects of river restoration in Work Package 4. Deliverable 2.1 of Work Package 2 

propose s a hierarchical framework to support river managers in exploring the causes of 

river manage ment problems and devising sustainable solutions. Deliverable 2.2 builds on 

the framework devised in Deliverable 2.1 by explor ing  published research and available 

data sets to more formally encompass the biota.  

This report (Part 1 of Deliverable 2.2) is concerned with riparian and aquatic vegetation. 

It is organised into three chapters which introduce deliverable  D2.2 as a whole  (chapter 

1); propose and support a conceptual model of vegetation -hydromorphology interactions 

(Chapter 2); develop the applicati on of the conceptual model to European rivers (Chapter 

3). Part 2 of Deliverable 2.2 extends the focus beyond vegetation  and , within the context 

of the multi - scale framework,  consider s interactions between hydromorphology and biota 

more generally, includin g specific considerations of  macroinvertebrates  and  fish  (Chapter 

4) , and the role of  floods and droughts as biota -shaping phenomena  (Chapter 5) . Lastly, 

part 2 presents conclusions from  the whole of Deliverable 2.2 (Chapter 6) .   

Summary of Deliverable 2. 2 Part 1 .  

Research Objective.  Riparian vegetation is not included as a biological quality element in 

the Water Framework Directive, and yet research  conducted over the last 20 years  has 

clearly demonstrated that riparian vegetation  has a fundamental influe nce on the 

hydromorphology of rivers and their floodplains, with  a geographically more widespread 

impact than aquatic vegetation. This report assemble s evidence from published sources 

and available data sets t o demonstrate how vegetation  interact s with hyd romorphology 

to constrain numerous  aspects of river morphology and dynamics, so providing a vital 

component  of any river management and restoration efforts .  

Methods  and Results .  Chapter 2 propose s a conceptual model of vegetation -

hydromorphology interacti ons (section 2.2) that provides the underpinning for the whole 

of chapter 3. The literature and available data sets are exploited to place t he conceptual 

model  firmly within the context of the broader  ecology of riparian and aquatic vegetation 

(section 2.1 ), and to present t he modelling approaches that are currently available for 

exploring these vegetation -hydromorphology interactions (section 2.3).  

The conceptual model assumes a naturally - function ing  river - floodplain system and 

considers three scales of i nfluence. First , the model considers how regional physical 

processes place constraints on the species composition of river corridor vegetation , 

particular ly emphasising  the biogeographical zone within which the riverôs catchment is 

located. Second , the mod el considers how vegetation is further constrained by 

longitudinal, lateral and vertical gradients in hydromorphological processes within the 

river corridors of a catchment, particularly by gradients of moisture availability and fluvial 

disturbances. Five zones of vegetation - fluvial process interaction within a river corridor 

are defined: perennially inundated (zone 1); fluvial disturbance dominated -  

predominantly coarse sediment erosion and deposition (zone 2); fluvial disturbance 

dominated -  predominantl y fine sediment deposition (zone 3); inundation dominated 

(zone 4); soil moisture regime dominated (zone 5). Third , a critical zone of vegetation -
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hydromorphology interactions is defined, which bridges zones 1 to 3, and within which 

vegetation heavily influ ences the construction of landforms (e.g. river banks, islands) at 

the interface between the physical -process -dominated areas of the river channel and the 

vegetation -dominated areas of the surrounding floodplain or hillslopes.  

The model is explored in a Eu ropean context in chapter 3. First  riparian and aquatic 

species of the ónatural vegetationô within different biogeographical zones of Europe are 

assembled. Second , a traits data base is assembled for 459 aquatic and riparian plant 

species that are found in  association with European rivers, and two trait -based typologies 

are devised reflecting (a) the sediment stabilisation and (b) the sediment accumulation 

and channel conveyance / blockage potential of the analysed species. This is a major first 

step in dev eloping methods for interpreting the hydromorphological relevance of native 

riparian and aquatic plant species across Europe. Lastly , the applicability of the 

conceptual model to a sample of European rivers is tested in section 3.3. It is applied to 

rivers  located in contrasting biogeographical zones and subject to different human 

pressures , highlighting for the first time how different plant species and groups  act as 

river ecosystem engineers in different river systems .  

Conclusions and Recommendations .  This report p resents new science concepts and 

analyses that  clearly demonstrate the importance of vegetation as a key physical control 

of river form and dynamics and a crucial component of river restoration. It shows how 

interactions between plants and hydro morphology take on different characteristics in 

different biogeographical settings, leading to different spatial patterns of features and 

temporal dynamics within zones 1 to 5 of the river corridor, and different styles of 

landform development within the c ritical interface  between fluvial processes and 

vegetation in zones 1 to 3. Case studies illustrate how the conceptual model provides a 

useful multi - scale framework for understanding and interpreting vegetation -

hydromorphology interactions and so  support ing sustainable river restoration design and 

management. However, some  research gaps need to be filled to permit  the work to  be 

translated into a set of simple river management tools:  

1.  The example applications of the conceptual model have synthesised pre -exis ting 

literature and field observations that were collected for many  different scientific or 

management purpose. These provide a óproof of conceptô and a firm basis for 

recommending that new purpose -designed  field research is needed to ensure the 

robustness  and wide applicability  of the model.  

2.  A thorough review of available modelling tools has demonstrated that the main 

aspects of plant -hydromorphology interactions have received attention , although 

many research gaps remain. However, more importantly, most e xisting models 

address narrow aspects of th ese interaction s. More integrated modelling approaches 

are needed to support river and floodplain management.  

3.  Research is needed to assemble more comprehensive native riparian and aquatic 

species  lists for Europe an biogeographical zones from which a larger set of 

informative species traits can extend p lant trait -based hydromorphological modelling.  
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1. Specification and Introduction  

1.1  Tasks 2.3 and 2.4 of Work Package 2  

This report describes the outcomes of tasks 2.3 and 2.4 of Work Package 2 of REFORM. 

The aims of these two tasks, as described in the original research proposal, were as 

follows:  

Task 2.3 : Identify linkages and interactions between hydrology  and biota, and between 

biota and morphology  (Partners: WULS, BOKU, MU, NERC -CEH, QMUL, UPM; Months1  

33) . This task explores interactions between hydrology, morphology and biota, 

emphasising the impact of biota on  the hydromorphological properties of Eur opean 

rivers.  

¶ Use the literature and data sets identified in WP1 to characterise linkages and 

quantify interactions between  hydrology and biota and between biota and 

morphology.  

¶ Establish the relation between vegetation development, river flow and alluvial  

groundwater characteristics,  focusing on the role of vegetation in managing the 

high water stages in low flow periods and the mix of  hydrological pathways 

operating across flow stages.  

¶ Assess the evidence regarding the degree to which the natural assembla ge of 

riparian vegetation and aquatic  flora (from task 2.2) interact with sediment to 

construct and reinforce landforms (banks, benches, bars, islands,  side channels, 

floodplain ponds) that provide a suite of habitats crucial to riverine ecology 

including the nutrition  pool for plants.  

Task 2.4 : Establish the importance of natural dynamics for ecosystems function and 

ecological quality . (Partners: WULS, IGB, QMUL, NERC -CEH, UPM; Months 6  33) . This 

task builds on the hydromorphological framework and unders tanding from Tasks 2.1 and 

2.2 and the  feedbacks between the biota and hydromorphology investigated in Task 2.3 

to consider the impacts on biota of  natural hydrology -morphology -vegetation 

interactions across rivers and their floodplains.  

¶ Produce a synthesi s of knowledge from WP1 and relevant case study data sets in 

relation to flow regimes,  hydrological connectivity (surface and subsurface) and 

biotic responses, emphasising the relevance to European  hydrological regimes 

and to location within the multi - scal e framework devised in Task 2.1.  

¶ Analyse relevant case study areas using contemporary and historical data to 

investigate the role of extreme  hydrological events (flood pulsing and droughts) 

on river and floodplain biota.  

¶ Synthesise the knowledge from WP1 a nd relevant case study data sets to assess 

the impact of natural  morphology (i.e. habitat mosaic) and morphological 

dynamics (i.e. habitat turnover) on ecosystem function,  particularly the response 

of river and floodplain biota to hydrological extremes and  surface water  

groundwater  interactions. This task will be structured around the functional 

vegetation typing and multi - scale framework  developed in tasks 2.1 and 2.2.  
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1.2  Introduction to Deliverable 2.2  

The outputs from tasks, 2.3 and 2.4 are reported i n Deliverabe 2.2, a  six chapter 

document  divided into two parts. Part 1 (this volume) contains chapters 1 to 3 and 

largely focus es on task 2.3 . Part 2 contains chapters 4 to 6 and largely focus es on task 

2.4 . 

Part 1 builds on REFORM Deliverable 2.1 by deve loping the role of vegetation as an 

influence on hydromorphology as well as a biological element in its own right (chapters 2 

and 3). The role of both riparian and aquatic vegetation as important control s of river 

morphodynamics is a relatively new area of  research, which has mainly developed within 

the last 20 years . Following an overview of the basic ecology of riparian and aquatic 

plants (section, 2.1), this research area is developed for REFORM through the proposal 

of a conceptual model  of vegetation -hy dromorphology interactions  (section 2.2), and a 

thorough review of modelling approaches that can help to investigate aspects of the 

interaction between plants and physical processes in river environments  (section 2.3). 

Chapter 3 then focuses on vegetation and hydromorphology in Europe an rivers , 

considering the regional structure of river - related vegetation across  Europe (section 

3.1), a vegetation typology based on the traits of riparian and aquatic plants that are 

relevant to their influence on  and respons e to  hydromorphology (section 3.2) . Finally 

section 3.3 investigates the functi on ing of the conceptual model described in section 2.2  

across a sample of European rivers.  

Part 2  of this report considers interactions between hydromorphology and biota more 

generally, starting in Chapter 4 with the way in which macroinvertebrates and fish are 

affected by hydromorphology at the range of scales incorporated within the hierarchical 

framework of D2.1, and then in Chapter 5 outlining floods and droughts as biota -sha ping 

phenomena.   

In developing this report, some elements of the originally -proposed work were adjusted 

to ensure that the report was logical and well - supported by literature and examples. The 

main change was to integrate the hydrological and hydraulic ele ments into all sections of 

the report, but then to highlight extreme events and hydraulic interactions in section 5. 

Although much relevant information was received from WP1 and also D2.1 to support 

the research reported in D2.2 parts 1 and 2, additional l iterature synthesis was 

necessary to support the development of the conceptual model of vegetation ï

hydromorphology interactions  and the  related synthesis of modelling approaches 

(chapter  2)  and also to discuss responses of biota to hydromorphology at multi ple scales 

(chapters  4 and 5). In addition, the development of the conceptual model within a 

European context ( chapter s 3, 4 and 5 ) depend ed upon new data synthesis and analysis 

coupled with examples drawn from the contributors ô field experience and knowle dge.  

Deliverable 2.2 makes a significant scientific contribution to the way we conceptualise 

interactions between hydromorphology and ecology. It formalises two -way 

hydromorphology -vegetation interactions within river corridors; places these interactions 

within a spatially hierarchical framework as well as considering their temporal dynamics; 

and then considers the response of fish and macroinvertebrates to this multi - scale 

setting. Throughout the research for Deliverable 2.2, it has become apparent that a 

number of research gaps exist which require an integrated programme of research for 

their resolution. These research gaps are summarised in section 6.  



 D2.2 Natural HyMo Dynamics, Biota and Ecosystem Function ς 1 - 

Page 8 of 324 

 

2. Vegetation and Hydromorphology  

This chapter describes the scientific context  (sections 2.1 and 2.2)  and modelling  tools 

(section 2.3) that can support investigation of interactions between vegetation and 

hydromorphology. The conceptual model proposed in section 2.2 is placed within a 

European setting in chapter 3, by considering natural riparian and aquat ic vegetation  

across Europe (section 3.1), the traits of riparian and aquatic plants that may enable 

them to act as physical ecosystem engineers (section 3.2), and then presenting 

examples of the application of the conceptual model developed in section 2.2  to some 

example European river systems (section 3.3).  

 

2.1  Basic Ecology of Riparian and Aquatic Vegetation  

The plant species that are found thriving in and around the margins of fluvial systems 

are constrained by many factors that operate at different sp atial and temporal scales. 

Ultimately climate constrains the species that are able to grow at a site, and as a result, 

different species of riparian and aquatic plants thrive in different environmental settings. 

A few of these species have the ability to c olonise heavily disturbed areas of the river 

corridor and to grow vigorously there. For example, along the Tagliamento River, Italy, 

three riparian tree species dominate the riparian zone ( Alnus incana, Salix elaeagnos , 

Populus nigra ) with their presence a nd relative cover changing along the riverôs course 

as the climate shifts from Alpine in the headwaters to Mediterranean in the lower 

reaches. As a result, different segments of the river, located within different landscape 

units show different dominant ri parian tree species.  

Different species can take on similar functional roles in different environmental settings, 

and within a particular climatic context . Physical (hydrological and fluvial) processes 

(Figure 2. 1. 1A) heavily influence the survival, compos ition and growth performance of 

the riparian and aquatic plants that are present along particular river reaches. At this 

scale the structure and development of riparian plant communities is largely controlled 

by the flow regime (Pettit et al., 2001; Stromb erg, 2001; Nilsson and Svedmark, 2002; 

Dynesius et al., 2004; Lytle and Merritt, 2004; Lite et al., 2005; Rood et al., 2003a, 

2005, Bajerano et al., 2011a,b, García -Arias et al., 2012 ) both directly and through the 

cascade of physical processes that it inf luences, including riparian groundwater 

conditions and the dynamics of sediment erosion, transport and deposition. Thus , even 

in lakes, where marginal disturbance reflects hydrological fluctuations in lake levels 

rather than additional disturbances attribu table to shear stresses and sediment 

mobilisation, distinct differences in marginal plant community structure are induced by 

hydrological dynamics (Figure 2. 1. 1B). Aquatic plants also respond strongly to fluvial 

controls (e.g. Riis and Biggs, 2003; Baattru p-Pedersen et al., 2006; Daniel et al., 2006), 

particularly flow depths, velocities and bed sediment properties, and, like riparian 

vegetation, have reciprocal effects on these parameters.  

For the purposes of this report, the óriparian zone / corridor ô is a transitional semi -

terrestrial area that is regularly influenced by fresh water (Naiman et al., 2005), and 

extends from the edge of the baseflow river channel (for ephemeral rivers, the entire 

river bed is part of the riparian zone) to areas dominated by terrestrial communities 

(hillslopes, terraces, areas of the floodplain that are only flooded extremely rarely). 
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However, a ófunctioning riparian zone / corridor ô supports riparian plant communities and 

so excludes areas of the natural riparian zone that ar e under other land cover types (e.g. 

agriculture, urban, transport infrastructure) or are artificially protected from flooding.  

 (A)  

 

(B)  

 

Figure 2.1 .1      A  Physical processes that constrain riparian and aquatic plant 

colonisation and growth, and the r eproductive and biomechanical properties that enable 

plants of different species and growth stage to cope with the stresses imposed by 

physical processes. The relative importance of the physical processes varies from the 

left to right of the diagram and al so through time as river stage and discharge varies 

(after Gurnell,  201 4 ).     B   Variation in riparian plant communities depending upon 

water level variability in lakes : left, highly variable water level ;  right, stable water level  

(from Keddy and Fraser , 2000)  
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The óaquatic zone ô corresponds to the baseflow channel. It is continuously indundated 

and supports aquatic plant communities, ranging from species that grow fully submerged 

to those that are almost entirely emergent and are found at the waterôs edge. 

The EU Water Framework Directive requires aquatic plant communities to be monitored 

when assessing ecological status  whereas riparian vegetation is only considered as a 

supporting element. As will become clear , there is an intimate relationship between both 

aquatic zone and riparian zone vegetation and hydromorphology under natural 

conditons. The refore, the  current WFD monitoring approach is likely to greatly 

underestimate the impact of hydromorphological alterations which is a signficant issue 

given the  high prevalence of this type of impact across EU states.   

 

2.1.1  Riparian plants  

The entire structure and successional development of riparian plant communities along 

river corridors is strongly controlled by the river flow regime (Nilsson and Svedmark, 

2002). Thus, Greet et al. (2011, 2013) found strong evidence for causal relations 

between the seasonal pattern and timing of river flows and riparian plant processes such 

as waterborne dispersal (hydrochory), germination and growth, which are reflected in 

the composition of riparian plant communities.  

In addition to the predictable seasonal occurrence of low and high flows, which form part 

of the flow regime at a site ;  less predictable, short - lived f low / flood disturbances also 

strongly influence riparian  plants. In the context of European riparian tree species, Glenz 

et al. (2006) present a conceptual model of how tree species respond to flooding and 

classify 65 tree and shrub species according to their inundation tolerance (Table 2.1 .1 ).  

High flow events  not only inundate and impose drag on plants, they also erode, 

transport and deposit sediment, affecting the stability of the riparian substrate into 

which the plants are rooted, and subjecting plants to scour, excavation, uprooting and 

burial. As a result , the active river channel and its riparian zone show a clear structure in 

vegetation cover and associated landforms, which are most marked along rivers with a 

very strong flood disturbance regime, such as the braided Tagliamento River, Italy 

(Figure 2. 1.2 ). These physical disturbances of riparian vegetation increase in severity 

with increasing flow depth and velocity. At the same time, mobilization and sorting of 

sediment can feed back into the creation of moisture extremes within riparian zones. 

Exposed, coarse sediment patches drain efficiently, giving rise to extreme moisture 

conditions ranging from waterlogged to arid as the river stage fluctuates, whereas finer 

exposed sediment patches are more moisture - retentive and so provide more stable 

moisture con ditions  as river stage varies .  

Overall riparian corridors are heavily disturbed, extreme environments that support 

immense spatio - temporal variations in inundation, shear stresses, substrate calibre and 

dynamics, and moisture retention. As a consequence, they are characterized by 

complex, temporally -dynamic, spatial distributions of plant species associated with a 

shifting mosaic of habitat patches (Pringle et al., 1988; Stanford et al., 2005; Mouw et 

al., 2012), broadly reflecting relative topographic pos ition and proximity to the main 

river channel (disturbance magnitude and frequency) and sediment calibre (hydrological 

conditions) (e.g. v an Coller et al., 1997; Robertson and Augsperger 1999; Bendix and 

Hupp, 2000; Richter and Richter, 2000; Dixon et al.,  2002; Cooper et al., 2003, 2006; 
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Turner et al., 2004; Friedman et al., 2006, Laterell et al., 2006; Robertson, 2006; 

Nakamura et al., 2007 , Magdaleno et al., 2014 ). B iological and chemical processes that 

also influence the presence and abundance of ripari an species are linked to and 

moderated by these patch environments, and also respond to larger - scale factors such 

as rock type, land cover and use, and the catchment species pool.  

 

Table 2.1 .1   Flood tolerance of 65 European tree and shrub species (data f rom Glenz et 

al., 2006)  

Flood tolerance class  Species  

Very high  Alnus glutinosa, Salix cinerea, Salix triandra, Salix viminalis,  

Salix elaeagnos, Salix daphnoides, Salix m. nigricans, Salix alba,  

Salix fragilis, Salix pentandra  

High  Alnus incana, Alnus v iridis, Frangula alnus, Populus nigra,  

Prunus domestica, Prunus padus, Salix purpurea, Salix appendiculata, 

Salix caprea  

Intermediate  Acer campestre, Ulmus minor, Lonicera xylosteum, Ligustrum vulgare, 

Rhamnus cathartica, Cornus sanguinea, Hipp. Rhamnoid es, Fraxinus 

excelsior, Quercus robur, Viburnum opulus, Populus alba,,Populus 

tremula, Sorbus aucuparia  

Low  Acer platanoides, Carpinus betulus, Viburnum lantana, Corylus 

avellana, Robinia pseudoacacia, Castanae sativa, Berberis vulgaris, 

Crataegus monogyn a, Prunus spinosa, Tilia cordata, Ulmus glabra, 

Juglans regia, Aesculus hippocastanum, Malus sylvestris, Pinus 

sylvestris, Taxus baccata, Sorbus aria, Sambucus nigra, Betula 

pendula  

Very low  Fagus sylvatica, Picea abies, Acer pseudoplatanus, Abies alba, T ilia 

platyphyllos, Prunus avium, Larix deciduas, Ilex aquifolium, Quercus 

petraea, Quercus pubescens, Juniperus communis, Crataegus 

laevigata, Prunus mahaleb, Amelancier ovalis  

 

Many riparian plant species reproduce equally effectively by both sexual and asexual 

means. These different reproductive strategies maximize the chances of a species 

surviving in the highly disturbed riparian environment. Sexual reproduction takes 

advantage of river flows for seed dispersal, whereas asexual reproduction takes 

advan tage of physical damage to plants by fluvial processes. Both reproductive pathways 

respond differently to environmental conditions as well as displaying contrasts in initial 

growth performance under the same environmental conditions (e.g. Kranjcec et al., 

1998; Francis and Gurnell, 2006; Francis, 2007; Moggridge and Gurnell, 2009). The 

propagule types (seeds, vegetative fragments) of different species have varying 

tolerances and growth responses to inundation and flood disturbance (Bren, 1988; Auble 

et al.,  1994, Blanch et al., 1999, Friedman and Auble, 1999; Amlin and Rood, 2001; 

Pettit et al., 2001; Glenz et al., 2006; Erskine et al., 2009), and also to moisture 

availability (waterlogging, drought, depth to water table) in the alluvial aquifer (Amlin 

and R ood, 2003; An et al., 2003; Naumberg et al., 2005; Loheide and Gorelick, 2007; 

Imada et al., 2008; Mouw et al., 2009).  

As a result of their relatively large size, and thus their ability to provide protection for 

and to compete strongly with other riparian  species, riparian tree species are a 

particularly important component of riparian vegetation. Karrenberg et al. (2002) 
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reviewed the morphological and biomechanical characteristics and life history traits of 

the Salicaceae (willow and poplar species), whic h allow them to dominate the riparian 

zones of temperate rivers within the northern hemisphere. These traits relate to 

reproduction, germination, growth, and survival in the high flow shear stress, excavation 

and burial conditions that characterize riparia n zones.  

 

Figure 2. 1. 2  Association between vegetation cover, flow stage (free water surface 

level) and frequency (flow return period) and key physical processes within an island -

braided reach of the Tagliamento River, Italy (modified from Bertoldi et al. , 2009)  

A particular research focus has been sexual reproduction by the riparian Salicaceae. 

These tree species produce enormous quantities of short - lived seeds during a very brief 

period of seed production. The seeds require moist, bare, alluvial sediment s for 

germination and a gradually - falling, alluvial water table to encourage early growth. Due 

to the short period of seed viability, specific germination and early growth requirements, 

and high sensitivity of seedlings to flood or drought stress, few seed lings grow to 

maturity. The very close association between recruitment success and  the river flow 

(water surface elevation) regime, allowed Mahoney and Rood (1998) to define a very 

simple órecruitment boxô model capable of predicting recruitment of individual riparian 

willow and poplar species according to the river flow regime in any particuar year (Figure 

2. 1. 3). This model has been tested, modified, extended and calibrated by many 

researchers to support improved assessment and forecasting of willow and p oplar 

recruitment in response to properties of the flow regime and alluvial sediment texture 

(Barsoum and Hughes, 1998; Kalischuk et al., 2001; Amlin and Rood, 2002; Guilloy -
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Froget et al.,  2002;  Lytle and Merritt, 2004; Ahna et al., 2007; Braatne, 2007, Go nzalez 

et al., 2010; Merritt et al., 2010). Such models allow river flow regimes to be designed 

to promote recruitment of particular species in regulated river systems (e.g. Hughes and 

Rood, 2003; Rood et al., 2005) .  

 

Figure 2. 1. 3  The recruitment box mod el of Mahoney and Rood (1998) applied to two 

hypothetical species  

In addition to sexual reproduction, the Salicacea e reproduce very freely by asexual 

means. Small fragments, branches and entire uprooted trees are mobilised and 

transported during floods, an d so can be produced and transported by the river at any 

time of the year. If these vegetative fragments are deposited on a suitable patch of 

moist, open alluvial sediment, they sprout quickly, anchoring themselves to the 

substrate through root development  and providing canopy flow resistance that 

encourages retention and partial -burial of the plants by shallow water -bourne and wind -

blown, relatively - fine, moisture - retentive sediment. The potential of these propagules to 

survive in the medium term is also h ydrologically controlled to the extent that their site 

of deposition is governed by the flood stage that deposited them (the higher they are 

deposited within the riparian zone, the less likely that they will be disturbed as they 

sprout and establish), whil st their survival and growth performance is governed by the 

depth to the alluvial water table (the lower they are deposited within the riparian zone, 

the shallower the water table depth and thus the more reliable the water supply to 

support growth).  
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An abi lity to grow rapidly is also crucial for riparian tree survival. Riparian tree species 

grow rapidly in suitable environmental, particularly hydrological, conditions  (GarcíaπArias 

et al., 2013, 2014) . For example, initial shoot growth of u p to 3 mm.day -1 in Populus  

nigra, Salix alba  and Salix elaeagnos  seedlings, 10 mm.day -1 in cuttings, and 15 mm. 

day -1 from uprooted deposited trees have been observed on the Tagliamento Rive r 

(Francis et al., 2006, Moggridge and Gurnell, 2009), indicating the very rapid early 

development of these plants. On the same river, annual growth rates of young (3m tall) 

Populus nigra  trees range from a median of 10 cm to 40 cm per year among reaches 

with different moisture availability, confirming the longer - term dependence of tree 

growth on alluvial aquifer conditions (Gurnell, 2014). Root growth is also rapid. The 

roots of y oung plants track falling water tables and root architecture is strongly 

infl uenced by groundwater levels and fluctuations (e.g. Mahoney and Rood, 1998, 

Kranjcec et al., 1998; Francis et al., 2005; Imada et al., 2008; Pasquale et al., 2012). 

Average daily increments in vertical root penetration of experimental sand and gravel 

subst rates, under a water table decline of 3  cm.day -1, have been observed as 27 and 20 

mm, respectively, for Salix elaeagnos ,  and 15 and 10 mm, respectively, for Populus 

nigra  (Francis et al., 2005).  

Riparian trees also display strong morphological responses t o flood flows, burial and 

uprooting. Young Salicaceae not only produce  above -  and below -ground biomass rapidly, 

but their stems and branches are very flexible. As they mature, some species (e.g. Salix 

elaeagnos ) develop a bushy morphology, retaining stem a nd branch flexibility that 

reduces their flow resistance. Other species grow taller and develop quite rigid trunks 

but their canopy is elevated above ground level and thus the water surface level of most 

floods (e.g. Populus nigra ). Other tall -growing spec ies shed branches easily (e.g. Salix 

fragilis ), reducing flow resistance and at the same time releasing vegetative propagules 

for transport downstream (e.g. Rood et al., 2003b) . All species develop robust, laterally 

and vertically extensive root networks t hat strongly resist uprooting (e.g. Karrenberg et 

al, 2003) and whose morphology and biomass adjusts to mechanical stresses (Scippa et 

al., 2008). The roots anchor the plants into otherwise unstable alluvial sediments, 

reinforcing these sediments and any a dditional sediment retained within tree stands 

during floods. The deep root systems and the  adventitious roots that are produced in 

response to burial are critical for preventing the trees from being undermined by bank 

erosion and giving them a very high t olerance to burial.  

Although the Salicaceae  dominate temperate riparian zones within the northern  

hemisphere, other widespread riparian tree species show similarly strong recruitment 

responses to properties of the river flow regime and related sediment dyn amics, 

including within Europe, Alnus spp. and Fraxinus excelsior  (e.g. Dufour and Piégay, 

2008).  

As a result of sensitivity to the hydrological regime, riparian vegetation composition, 

structure and vigour responds rapidly to flow regime changes (Nilsson and Breggren, 

2000; Merritt et al., 2010 ;  Bejerano et al., 2011a,b, 2013 ) as well as to the indirect 

hydrological consequences of river channel changes resulting from channel displacement 

and incision, and floodplain sedimentation (Lowry and Loheide, 2010;  Loheide and 

Booth, 2011). The delicate balance between hydrology and riparian plants underpins the 

concept of riparian vegetation ï flow response guilds proposed by Merritt et al. (2010).  

Sometimes hydrological changes result in the encroachment of river  margins by native 



 D2.2 Natural HyMo Dynamics, Biota and Ecosystem Function ς 1 - 

Page 15 of 324 

 

riparian species (e.g. Johnson, 1994, 1997, 2000). In other cases, native species may 

lose their vigour (e.g. Xu, 2007, 2009; Gonz áles et al., 2010) and may be replaced by 

other native or alien species that have different hydrological re quirements and 

tolerances (e.g. Graf,1978, Katz and Shafroth, 2003; Glenn and Nagler, 2005; Lite and 

Stromberg, 2005; Pataki et al., 2005; Rood et al., 2010 , GarófanoπGómez et al., 2011, 

2013). Conversely, deliberate manipulation of flow regimes can also b e used to combat 

invasions by alien species and to restore native riparian vegetation (e.g. Nagasaka and 

Nakamura, 1999; Taylor et al., 1999; Stromberg, 2001; Zamora -Arroyo et al., 2001; 

Nagler et al., 2005; Stromberg et al., 2007).  

 

2.1.2  Aquatic Plants  

This section focuses on aquatic macrophytes, which are simply aquatic plants that are 

visible to the naked eye. These species are all found within the aquatic zone of the river 

corridor, including both the river itself and floodplain lakes and ponds. In add ition to 

vascular plants a number of macroalgae, mosses, liverworts and ferns are all considered 

to be macrophytes. It is usual for such aquatic macrophytes to be assigned to 

morphotypes or growth forms which reflect both the shape of the plant and its hab itat 

(Sculthorpe,1967). Classic definitions of morphotypes include submerged, free floating, 

rooted with floating leaves , and emergent aquatic plants. Commonly there are also 

separate growth form groupings for bryophytes and sub -divisions of the submerged 

vegetation morophotype by leaf shape (Pieterse and Murphy, 1990): linear, broad or fine 

leaved. Intermediate forms make finer resolution of groupings difficult with some species 

even exhibiting different growth forms depending on habitat conditions. Howeve r, 

growth forms are crucial to aquatic macrophytes because they dictate the way in which 

the plantôs canopy interacts with flowing water. 

Commonly, aquatic macrophyte species have a range of specialist adaptations in order to 

live in or near water. The sub merged species are capable of accessing the relatively 

limited supplies of dissolved oxygen for respiration and carbon dioxide for photosynthesis 

by making use of short diffusion pathways, i.e. thin leaves. Many aquatic species are 

considered as óshadeô species, in that they  are adapted to the low light conditions found 

underwater; chloroplasts are concentrated within the epidermis and photosynthesis 

becomes saturated at low irradiance . Emergent species are tolerant to waterlogging of 

their root zone, a con dition which is lethal to many terrestrial species.  

Although species can reproduce sexually, asexual reproduction, by fragmentation and 

clonal growth, is very common. Asexual reproduction is very important for expanding 

cover locally and for coping with m ajor flow disturbances (Riis and Sand -Jensen, 2006). 

While some species are annual, many aquatic macrophyte species are perennial, usually 

dying back in the autumn. Many species produce dense networks of rhizomes and other 

storage organs that support asexu al reproduction. Shoots and roots develop from nodes 

on the rhizomes, allowing plant stands to extend laterally during favourable conditions. 

Rhizomes persist through the winter, retaining and reinforcing colonised sediment. 

During severe floods, particula rly during winter when there is negligible foliage to 

provide flow resistance and little root biomass  (Liffen et al., 2013a) , rhizome - reinforced 

sediment patches can become scoured or undermined, exposing rhizomes to breakage 

and the formation of mobile pr opagules that can colonise downstream sites.  
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The growth form of aquatic plants also reflects the ambient and extreme flow conditions 

within which they live. Typically rheophilic species (lovers of fast water) can live in 

ambient flows up to 0.75 m.s -1 whic h exert drag forces comparable to near storm 

conditions (Beaufort scale) in terrestrial systems. A major effect of physical forces on 

aquatic plants is the mechanical deformation of stems and leaves (Denny, 1988). In 

flowing water, submerged freshwater pla nts reconfigure and adopt a streamlined, 

compressed morphology (Sand -Jensen, 2003, OôHare et a l., 2007, Sand -Jensen and  

Pedersen, 2008). Reconfiguration serves to reduce and minimize pressure drag forces 

(OôHare et al ., 2007, Nikora, 2010). It has recently  been demonstrated that aquatic 

plants, across a wide range of species, exhibit a trade -off between drag reduction and 

mechanical resistance strategies (stem and root strength) (Puijalon et al., 2011). It is 

also known that closely related species or the s ame species can inhabit areas where 

different strategies may be more beneficial, for example, lake versus river or winter 

versus summer flow conditions. A further important point is that, although many species 

are perennial, their annual growth cycle ensur es that plants expose the lowest above -

ground biomass at times of highest (winter) flows. T hey usually sprout in spring to 

achieve peak above -ground biomass in mid to late summer, when river flows and 

velocities are usually at their lowest, and then the y die back in the autumn.  

Despite the variety of conditions species can occupy, there is a surprising lack of 

knowledge on the morphological adaptability or otherwise of species. It can be 

hypothesised that macrophytes would ideally display different physical  shapes to deal 

with the different types of drag conditions they experience. Specifically, drag forces 

exerted by water flow in rivers and streams require ótensileô plants (sensu Nikora, 2010), 

which experience mainly friction drag, to be resistant against  tension forces and to be 

flexible in order to streamline and reconfigure (OôHare et al ., 2007, Miler et al. , 2012, 

Figure 2. 1. 4). Under slower flow velocities, and in floodplain lakes, óbendingô plants 

(sensu  Nikora, 2010) grow that are stiffer, have a mo re upright shoot morphology and 

are mainly affected by pressure drag (Nikora, 2010, Miler et al ., 2012).  

 
Figure 2. 1. 4  The flow patterns around a submerged plant  

 

As a consequence of the fact that d ifferent plant morphologies, as well as stem and 

stand d ensities, are associated with different impacts on and interactions with the flow 
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field (Folkard, 2009), they also display different sediment trapping and retention 

potentials (Sand -Jensen, 1998; Clarke, 2002; Schulz et al., 2003; Sharpe and James, 

2006). Some submerged species are adversely affected by sedimentation and so they 

only tend to survive in locations where sediment supply is relatively low and / or where 

their interactions with the flow field do not support significant sediment retention. 

Howeve r, individuals and stands of many submerged and most emergent species form 

effective sediment retention structures (Cotton et al., 2006; Gurnell et al., 2006; Luhar 

et al., 2008; Asaeda et al., 2010; Neary et al., 201 2). Whilst sediment may be 

resuspended (Kleeberg et al., 20 10), particularly following decay of the above -ground 

biomass through the winter, some species develop below ground organs (roots, rhizomes 

etc.) within the retained sediment that both anchor the plants during the growing season 

and ret ain and reinforce the sediment through the winter (Liffen et al., 2013 a).  

The broader relationship between natural aquatic vegetation and its physical 

environment can only be understood in the context of the wider range of forces 

influencing plant growth i n rivers. Based on Grimeôs theory of community succession 

(Grime, 1977), Biggs (1996) developed a conceptual model of macrophyte and 

periphyton succession in rivers (Figure 2. 1. 5). The resources were assumed to be light, 

nutrients (N, P, C) and temperature . The disturbances, which remove biomass, were 

described by three factors: temporal scale hydraulics (velocity instabilities caused by 

floods); spatial scale hydraulics (including local turbulence and bed sediment particle 

size) and (in specific areas) gra zing. Petts (1996) refined the flow related disturbances 

by setting them into the context of the hydrograph, suggesting that four flow descriptors 

relevant to habitat suitability were important: flood magnitude, flood duration, flood 

timing (through the gr owing season) and flood return period (frequency). On the basis of 

Grimeôs model, Biggs (1996) predicted that no plants would grow in rivers with a high 

frequency of flood flows, unstable bed sediments and high, interspate water velocities, 

but as the seve rity of the hydraulic conditions decreased, periphyton would dominate, 

followed by bryophytes, then, at the most stable conditions, macrophytes. This is 

consistent with observations at the national and international scales which identify two 

key factors in fluencing aquatic macrophyte species and community distributions: 

alkalinity (Westlake, 1969) and a measure of disturbance, often approximated by a 

combination of stream power and flood magnitude and frequency (Riis and  Biggs, 2003). 

Hence, macrophytes can  be removed and periphyton dominance established simply by 

the development of inhospitable flow (velocity) conditions, without the need to increase 

nutrient input (although the biomass is likely to be much smaller when the change is 

induced by flow).  

Alth ough some of Biggs parameters are not incorporated, based on a national -scale, 

empirical analysis for British rivers, Gurnell et al. (2010) showed that the distribution of 

plant groups shows a strong affinity with flood discharge (Qmed is the median annual  

flood) and channel slope (and thus stream power, which incorporates both of these 

variables) (Figure 2. 1. 6, upper graph) and with the the calibre of the river bed material 

(Figure 2. 1. 6, lower graph). This association with hydrological and sedimentary 

con ditions helps to explain why it has been possible to distinguish 10 classes of British 

river using assemblages of aquatic macrophyte species, which in turn have been shown  
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Figure 2. 1. 5   A concept of river sector types or categories based on the relat ionship between some instream vegetation and sector scale 

flow parameters (after Biggs, 1996) .  
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to correspond to variations in slope, channel width and depth, substrate calibre, flow 

types and rock type (Holmes et al., 1998, 1999).  

 

 

 

Figure 2. 1. 6   Asso ciations between the median annual flood (Qmed), channel slope and 

groups of aquatic macrophyte  morphotypes  (upper graph) and bed sediment calibre 

(lower graph) (after Gurnell et al., 2010).  
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2.2  Conceptual Model o f Vegetation -  Hydromorphology 

Interactio ns  

Riparian and aquatic plants both affect and respond to fluvial processes. Their above 

ground biomass modifies the flow field and retains sediment, whereas their below -

ground biomass affects the hydraulic and mechanical properties of the substrate and 

consequently the moisture regime and erodibility of the land surface. At the same time 

plants are disturbed, removed and buried by fluvial processes. Thus the margins of river 

systems provide a critical zone where plants and fluvial processes interact to pro duce a 

diverse mosaic of dynamic landforms that are characteristic of naturally - functioning river 

ecosystems. It is important to understand these interactions between aquatic and 

riparian plants and fluvial processes, and to recognize how they contribute t o trajectories 

of natural river change and recovery from human interventions. Such understanding is 

crucial to ensuring that r iver management and restoration work with these natural 

interactions so that outcomes have the best chance of being cost -effective  and 

sustainable.  

The interactions have a significant influence on river systems across space scales from 

individual plants to entire river corridors. Plant -scale phenomena structure patch -scale 

geomorphological forms and processes. Interactions between pa tches contribute to 

larger -scale and longer - term river geomorphological phenomena.  Furthermore, the 

influence of plants varies through time as above -  and below -ground biomass alter within 

the annual growth cycle, over longer - term growth trajectories, and i n response to drivers 

of change such as climatic and hydrological fluctuations and extremes. Thus, although 

plant ïhydromorphology interactions are present in all naturally - functioning systems, 

their nature depends on climate ï biogeographical region, catch ment -  landscape unit ï 

river segment, and river type contexts.  

This section develops a conceptual model of plant -hydromorphology interactions , which 

is exlored in relation to a sample of European rivers in section 3.3. The model is  built 

around the follo wing spatial - scale related concepts:  

1.  Section 2.2.1 explains how regional physical processes place constraints 

(boundary conditions) around the species composition of the vegetation that may 

be interacting with hydromorphological processes in a particular c atchment. It 

also introduces a hierarchy of scale -dependent hydromorphological influences on 

vegetation within catchments, relating to climate, moisture availability and fluvial 

disturbances. The hierarchy of spatial scales matches that underpinning the 

hy dromorphological assessment methodology presented in Report D2.1.  

2.  Section 2.2.2 explores how vegetation is further constrained by longitudinal, 

lateral and vertical gradients in hydromorphological processes (section 2.2.2) 

within the river corridor network  of a catchment. These process gradients affect 

the nature and extent of any ócritical zoneô of vegetation-hydromorphology 

interactions within the river channel or its margins  

3.  The concepts of self -organisation and non - linear interactions between vegetation  

and physical processes within critical zones is introduced in section 2.2.3. These 

concepts provide a general framework in which specific vegetation ï 

hydromorphology interactions can be considered in section 2.2.4.  
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4.  Section 2.2.4 considers how plants, hyd rological and fluvial processes interact 

within critical zones and how these interactions vary among rivers located in 

different biogeographical regions.  

5.  Section 2.2.5 reviews the types of pioneer landforms that may emerge as plants 

and physical processes interact within critical zones in different environmental 

settings. Pioneer landform initiation, and subsequent development or destruction 

affects the position, style -complexity, and dynamics of the interface between 

vegetation and hydromorphology, and acc elerates channel changes induced by 

adjustments in fluvial processes.  

 

2.2.1    Regional Context  

The vegetation species and communities that may be found within river corridors are 

governed by a range of physical processes, which can be categorised into thr ee broad 

groups: climate, moisture availability and fluvial disturbance. These processes constrain 

the potential species composition and vigour of vegetation that may be found at all 

spatial scales from biogeographical region to geomorphic unit (Table 2.2 .1), and thus 

place physical boundaries on potential interactions between vegetation and physical 

processes.  

 

2.2.1.1  Climate (Biogeographical Context)  

In order to develop an appreciation of physical process ïvegetation interactions and their 

relevance to t he hydromorphology of European river systems, it is necessary to consider 

several biogeographical contexts that are relevant to Europe. While it would be possible 

to consider every one of the European biogeographical regions, for the purpose of 

developing one or more conceptual models, we focus on three broad biogeographical 

settings to illustrate the approach and examples from different European biogeographical 

zones are developed in section 3.3:  

1.  Moist Temperate (broadly corresponding to biogeographical zones 4 and 5 (the 

Atlantic European and Central European Biogeographic Provinces of Europe, 

http://www.globalbioclimatics.org/form/bg_med.htm , Rivas -Martinez et al., 

2004 )  (Case study exampl es: River Frome, UK ; Narew River, Poland ).  

2.  Mediterranean (broadly corresponding to biogeographical zones 15 , 16, 18, 19, 

20, 21 ( Mediterranean West Iberain , Betic, Murcian -Almeriensian, Mediterranean 

Central Iberian, Balearic -Catalonean -Provencal, Italo -Thyrrhenian, and Adriatic 

Biogeographic Provinces of Europe (Case study example River s Guadarranque  

and Guadalupejo , Spain).  

3.  The Alpine Biogeographic Province of Europe (zone 8) (Case study example: River 

Tagliamento, Italy).  

These biogeographical settings are chosen to allow the conceptual model to incorporate 

cool, humid temperate and warmer, drier more seasonal climate regimes and also to 

consider steep, mountainous catchments with strong temperature gradients. These are 

three strongly contrasting environ ments for the development of a conceptual model and 

http://www.globalbioclimatics.org/form/bg_med.htm
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so should provide clear indications of how the model might be adapted for application 

within other biogeographical regions.  

 

2.2.1.2  Moisture Availability  

Once the biogeographical region has been defined , moisture availability reflects the way 

that the catchment and smaller spatial units translate the óeffectiveô precipitation regime 

into surface water, soil moisture and groundwater. The way in which this might control 

the response of aquatic and riparian  vegetation and their feedbacks on river 

morphodynamics can be evaluated in two main ways:  

(i)  With respect to the river flow regime type  (Deliverable 2.1 section 5.4.1). This 

indicates the reliability of flow within the river network and thus availability of 

moisture through the year to the river channel and its margins  

(ii)  With respect to groundwater - surface water interactions . Moisture availability is 

moderated at segment, reach and geomorphic unit scale by the permeability, 

depth and moisture dynamics in / thro ugh the river margin soils and sediments, 

any alluvial aquifer, and / or any underlying aquifers (e.g. shallow riparian zone 

groundwater ï surface water interactions (GSI), GSI with a phreatic aquifer, GSI 

with deep (semi - ) confined aquifer(s)). This segme nt to reach level moderation 

of moisture availability can be best assessed by coupling the river type  with the 

appropriate seasonal GSI model (e.g. wet - temperate region, temperate wet 

season, temperate dry season, dry region ï wet season, dry region) ( see report 

D2.1 section 7). Further local variations in moisture availability may be reflected 

in local downwelling / upwelling reaches (which can be identified from well 

records or through low flow accretion assessments).  

 

2.2.1.3  Fluvial Disturbance s 

Fluvia l disturbances include inundation (depth -duration), sediment deposition (burial), 

shear stresses / drag imposed on plants (flow velocity gradients), and sediment erosion. 

These reflect the flow and sediment supply regimes to the river network and are 

moder ated at the segment to reach scale by the valley -channel gradient, the river 

channel style / width (unit stream power) and they also vary across the valley bottom ï 

floodplain.  

 

2.2.2.    Longitudinal, Lateral and Vertical Gradients  

The three elements (clim ate, moisture availability, fluvial disturbances) accumulate to 

control the nature and strength of interactions between physical processes and 

vegetation:  

1.  The ópotentialô vegetation composition is dictated by the biogeographical region 

and its potential di stribution along the river system from headwaters to mouth in 

response to climatic gradients  

2.  Moisture availability controls whether a particular species can survive at a 

particular location and also its vigour and growth performance. In river corridors 
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the  vertical  depth and temporal dynamics of the water table are usually the most 

important hydrological variables. These are the main control on soil moisture in 

free -draining alluvial sediments and they vary spatially according to the structure 

and permeabil ity of these sediments.  

 

Table 2.2 .1  Scale - dependent influences of water - related physical processes on 

vegetation . 

 Climate  
(Biogeographical 

context)  

Moisture Availability 
(in addition to 

climate)  

Fluvial Disturbance  

Region  Precipitation and 
Temperature  
(Macrobioclimates)  

  

Catchment  Precipitation and  

Temperature 
(Thermoclimatic belts)  

Geology, Topography 

affecting water 
retention, deep 
percolation and 
aquifers  

Location, Geology, 

Topography affecting 
regional features  
 (e.g. droughts, 
avalanches, mudflo ws)  

Landscape Unit  Precipitation and 

Temperature : 
Mesoclimate (Regional 
conditions due to 
Elevation, topography)  

Geology, Topography 

and Soil condition, 
Land cover affecting 
water infiltration and 
moisture 
recharge/depletion  

Magnitude, frequency 

and dura tion of water 
and sediment delivery 
to the river corridor 
(e.g. magnitude and 
frequency of droughts, 
avalanches, mudflows, 
organic debris flows)  

Segment  Precipitation and 
Temperature :Meso -
climate  
(Local conditions due 
to Elevation, 

topographic 
orientatio n, form and 
setting)  

River - floodplain width, 
hillslope hydrology and 
river flow regimes. 
Segment -scale 
(alluvial aquifer) 

groundwater -  surface 
water interactions 
(GSI)  

Valley gradient and 
river entrenchment: 
river flow and 
sediment transport 
regimes (e.g.  

frequency and 
duration of floods and 
droughts, sediment 
and plant material 
erosion, transport, 
storage)  

Reach  Precipitation and 
Temperature :Micro -
climate  
(Local conditions due 
to wind, vegetation 
transpiration, water 
bodies evaporation,...  

Cross sectio nal form 
and sedimentary 
structure, texture, 
permeability. Reach -
scale GSI  

Channel gradient, size, 
type ï morphology, 
bed and bank 
materials(calibre, 
cohesion, erodibility), 
stream power in 
relation to reach -scale 

water, sediment, plant 
material dynamics  

Geomorphic Unit  Precipitation and 
Temperature :Micro -

climate  

(Point conditions due 
to vegetation shadow, 
water depth, 
updwellings, springs, 
velocity...  

Microtopography, 
relative elevation, and 

distance relative to 

river bed.  Sediment 
calibre, organic 
cont ent, structure, and 
patch -scale GSI  

3D position with 
respect to active 

channel, erosion 

resistance and 
stability.  
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3.  Fluvial disturbances and their timing (relative to the nature and growth stage of 

the vegetation) provide further limits on whether the vege tation can survive. 

Different species have different tolerances to inundation (waterlogging) and 

burial, and different resistances to uprooting (stem and root strength) and 

undermining (root architecture and rooting depth). Therefore, species 

distributions  reflect:  

a.  The changing balance /  dominance between different hydrological and 

fluvial processes as river confinement and gradient change from upstream 

to downstream ( longitudinally ) along the river  

b.  The changing balance /  dominance between different hydrolo gical and 

fluvial processes across the river corridor ( laterally ) with increasing 

distance from and elevation above the low flow channel (which may flow 

perennially or ephemerally depending on climate / catchment context and 

distance longitudinally down th e river)  

The presence of particular plant species depends on whether all of these 

hydromorphological environmental conditions are suitable. Growth performance of a 

species is usually heavily influenced by moisture availability (the soil moisture and 

ground water regime for riparian plants, the inundation regime for wetland and aquatic 

plants). Colonisation, establishment and survival of particular species are additionally 

constrained by hydrological and fluvial disturbances (inundation; drag; excavation; bur ial 

or battering from mobile sediments).  

Figure 2. 2.1  provides a schematic representation of how five different lateral zones 

within the river corridor, dominated by different hydrological and fluvial processes, may 

emerge along a river from steep, confine d headwaters to lower gradient, unconfined 

floodplain reaches. In moist environments, a zone of perennially - flowing water is present 

in the low flow channel (zone 1, Figure 2. 2.1 ). Beyond this, the frequency, duration and 

depth of inundation decreases towa rds the outer limits of the river corridor (floodplain / 

base of hillslopes). Within zone 2, inundation is most frequent, deep, and prolonged, 

leading to relatively high flow velocities and shear stresses and thus a high potential for 

the flowing water to mobilize, transport and deposit sediment and also to disturb 

(damage, uproot) plants. With increasing distance from the river (zone 3), inundation 

depth, duration and frequency decrease, reducing the potential for sediment mobilization 

and transport , and l eading to a progressive fining of transported and deposited sediment 

coupled with an increase in the organic component of the deposited sediment until, in 

zone 4, sediment dynamics are negligible during inundation. In zone 5, which includes 

the most elevat ed areas of the river corridor ,  and those that are most remote from the 

perennial channel, inundation is extremely rare and subsurface water dynamics become 

the dominant control on vegetation. Within real river systems:  

a these longitudinal and lateral zones  are spatially irregular and patchy, reflecting the 

topographic and sedimentological complexity of the corridor;  

b the hydrological and fluvial processes within the zones vary greatly through time;  

c the boundaries of zones themselves may move in response to t emporal shifts in 

hydrological and fluvial processes and / or shifts in the nature or vigour of the 

vegetation.  
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d Where a river is confined or partly confined by its valley, some of the outer zones 

may be missing (see parts marked óconfinedô in Figure 2.2.1). 

Figure 2. 2.2  conceptualises the proportions of an unconfined river corridor that might be 

affected by zones 1 to 5 (Figure 2. 2.2 ) within 7 groups of river types. These groups 

include river types 8 to 22 as defined in Deliverable 2.1, Table 7.2 . River typ es 1 to 7 

(Deliverable 2.1, Table 7.2) are not illustrated because they occur in confined or semi -

confined situations where the width of the river corridor as well as hydrological and 

fluvial processes determine the presence and extent of zones 1 to 5. Not e that in moist 

climates, high moisture availability in the least disturbed zone (zone 5) , usually supports 

a dense vegetation cover, whereas in dry climates, this zone may suffer from a very low 

water table and thus low water availability and increasingly  sparse vegetation cover with 

increasing distance from the river. In the latter case, zone 4 is likely to show the densest 

and most vigorous riparian vegetation cover because it gains water during dry periods  

through  lateral seepage from the river channel or from groundwater in the alluvial 

aquifer below the river bed in ephemeral systems.  

The river type numbers in each of the 7 groups are those defined in D2.1 section 7. 

Where more than one river type is listed for a group, the zone 1, 2, and 3 proportion s of 

the river corridor width would tend to decrease as the river type number increases. As 

the driving variables (e.g. valley gradient, sediment calibre, flow regime, and sediment 

regime) vary along a river or between different rivers in the same biogeogr aphical zone, 

different river types may occur, providing proportionately different lateral zone gradients 

(Figure 2. 2.3 ) within which vegetation and physical processes can interact. It is 

important to stress once again, that the five zones and also the riv er planform types are 

not static. The zones may expand or contract as fluvial processes change and vegetation 

is eroded or encroaches into the more dynamic areas (zones 1, 2, 3) of the riverôs active 

corridor, and in extreme cases, these interactions may l ead to a change in the river 

planform type.  

 

2.2.3.  Non - linear Interactions between Vegetation and Physical 

Processes  

Thus far the discussion has implied that water - related physical processes (climate, 

hydrological processes, and fluvial processes) create  the physical environmental 

envelope that controls the probable species composition of the vegetation, the growth 

performance of the vegetation, and the fluvial processes that limit vegetation dynamics. 

Reference has been made to interactions between veget ation and fluvial /  hydrological 

processes. These interactions fluctuate through time according to the varying intensity of 

the fluvial / hydrological processes. They also vary through time according to the ability 

of the vegetation to survive disturbance by hydrological and fluvial disturbances or to 

recolonise areas where vegetation has died from hydrological stresses or has been 

removed or buried by fluvial processes.  

Interactions between plants and physical processes can be so fundamental that some 

plan t species may control key characteristics of ecosystems. In this sense the plants 

modify the properties of their environment and, in doing so, create new environmental 

conditions that can support other species. Organisms that directly or indirectly control  

the availability of resources by causing changes to their environment are termed 
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óecosystem engineersô (Jones et al., 1994). By altering their environment these species 

are actively involved in óniche constructionô (Odling-Smee et al., 1996), increasing t heir 

chances of survival. By engineering the ecosystem, plants make it more resistant to 

modification by physical processes, and so the interaction between plants and physical 

processes becomes non - linear with hysteretic patterns (i.e. looped relationships , 

whereby, for example, vegetation can remain, once established at higher intensities of  a 

particular process, than it shows during colonization under the same process intensity) 

between the two sets of variables (vegetation, physical).  

A óhot spotô or ócritical zoneô for ecosystem engineering of the fluvial system by plants 

includes the area of the river corridor that is perennially inundated by flowing water 

(zone 1) and any adjacent areas that are frequently inundated and thus additionally 

subject to sig nificant shear stresses and erosion and deposition of sediment (zone 2). 

Somewhere within these two zones is the leading edge of plant - fluvial process 

interactions. Here some plant species actively influence the margin between the river 

channel and the rip arian zone and so affect channel width, channel form, channel edge 

dynamics and the transition from one river planform type to another. The position of the 

leading edge, the plant species that act as fluvial ecosystem engineers, and the 

landforms that they  create, vary with climate (biogeographical zone, elevation etc.), 

moisture availability and river type.  

Beyond this ócritical zoneô of vegetation-fluvial process interactions, particular plant 

species may also interact with hydrological processes (moistu re availability) and trap fine 

sediments (zone 3) to engineer riparian - floodplain habitats, affecting the vegetation 

(species, communities, age and patch structure) and micro -morphology of the land 

surface of zones 3 to 5 .  

A component of the development o f vegetation patterns and associated morphological 

patterns within several of the zones of the river corridor, and particularly the ócritical 

zoneô of vegetation-fluvial process interactions, is self -organisation. Self -organisation is 

not necessarily drive n by heterogeneous environmental conditions but by interactions 

and feedbacks between organisms (e.g. vegetation) and the environment (e.g.  the water 

cycle) (Scheffer et al., 2005). óThe feedback can be negative, for example when 

organisms deplete resource s, leading to competition. Positive feedback can also occur, 

for example if organisms help others to survive through facilitation, by modifying the 

environment. If positive and negative feedbacks occur at different spatial scales (i.e. 

scale -dependent feed back), they might invoke regular pattern formation in ecosystems, 

even in the absence of environmental heterogeneityô (Rietkerk and van de Koppel, 2008, 

p169). In the context of vegetation -physical process interactions within river corridors, 

positive feed back illustrates the way in which plants can act as ecosystem engineers, 

whereas negative feedback reflects competition for resources such as water or nutrients. 

Resource scarcity (e.g. low water availability) leads to spatial reorganisation of 

consumers ( e.g. plants) and resources (e.g. water) until resource scarcity reaches a 

threshold where consumers can no longer act as ecosystem engineers and the system 

moves to a homogenous state in which the consumer -engineers are absent (Figure 

2. 2.4 , Rietkerk et al ., 2004).  
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Figure 2. 2.1   Longitudinal, lateral and vertical variations in the dominant hydrological 
and fluvial processes that influence vegetation composition, growth performance and 

turnover along a braided river (types 8,15) located within a valley of varying 
confinement.  

 
Figure 2. 2.2   The relative proportions of the five river corridor lateral zones (see Figure 
2. 2.1  for key) where vegetation might be dominated by the different hydrological and 
fluvial processes in unconfined reaches subject to di fferent river types (river type 
numbers refer to the types defined in D2.1, section 7).  
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Figure 2. 2.3   The hydrological and fluvial process gradients (left) that drive the lateral 
zonal mosaic (see Figure 2. 2.1  for zone colour key, river type numbers ref er to the types 
defined in D2.1, section 7). Note that the process gradients vary in their extent along 
the left vertical axis according to the river planform being considered  

 
Figure 2. 2.4 . Ecosystems may undergo a predictable sequence of emerging self -
o rganized patchiness as resource input decreases or increases. Thick solid lines 
represent mean equilibrium densities of consumers functioning as ecosystem engineers. 
Dotted arrows represent catastrophic shifts between self - organized patchy and 
homogeneous states, and vice versa. Dark colors in the insets represent high density. 
The range of resource input for which global biostability and hysteresis exists is 

between these dotted arrows. Solid arrows represent development of the system toward 
a coexisting s elf - organized patchy state or homogeneous state, depending on initial 
ecosystem engineer densities. (source: Rietkerk et al., 2004)  
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Some illustrations of hydrologically - related self organisation that may occur within the 

five zones of river corridors are listed in Table 2. 2. 2. For example, feedbacks occur 

between water availability and plant growth in arid areas that are relevant to zone 5 and 

possibly zones 4 and 3 (Figure 2. 2.1 ) in river corridors with hot, dry climate 

environments, where extreme floods are rare and intervening periods of dry conditions 

are prolonged. In such hot, arid environments, vegetation shades the ground reducing 

surface evaporation and root systems encourage water infiltration into the soil such that 

vegetation persists once it is  present but once vegetation disappears the bare soil is too 

hostile for recolonisation. Similarly in waterlogged peatland ecosystems, there is a 

positive feedback between groundwater depth and plant productivity, such that patches 

of highly productive pla nts tend to be present on locally elevated drier sites.  In both arid 

and peatland examples, the patches of plant consumers harvest resources (water, 

nutrients) from their surroundings. As resource availability decreases, vegetation goes 

through a predicta ble sequence of increasing patchiness until it disappears and bare soil 

or a different vegetation type replaces it. Greater inputs of resources are required to 

reverse such transitions.  

In fluvially -disturbed systems, these processes of self -organisation are accentuated by 

interactions between the land surface and flowing water and sediment. In general, 

patches with relatively high above -ground biomass (e.g. vegetated patches in dry, arid 

areas, vegetation tussocks and ridges in wetlands, pioneer islands o n river bars, and 

macrophyte stands on river beds) slow flow velocities during inundation and trap 

transported sediments. In addition, w hen rainfall or overland flow occur in dry, arid 

areas, the vegetated patches preferentially intercept and absorb water (e.g. Wainwright 

et al., 200 2). Constriction of flowing water between elevated patches increases flow 

velocities so that sediment is not deposited and these areas may be scoured. This is 

particularly important in zones 1 and 2, where bare areas become colo nised by plants, 

which may subsequently develop into larger vegetated patches, elevated by sediment 

deposition to form pioneer landforms that may subsequently enlarge and coalesce into 

larger landforms. However, the rate and nature of these interactions an d the associated 

landforms depends upon the species of plant engineers, their growth performance, and 

the frequency, magnitude and duration of fluvial disturbance events, all of which vary 

with climate / biogeographical zone, moisture availability, and riv er type.  

 

2.2.4  óCritical zoneô of Interactions between Plants and Fluvial 

Processes  

With a focus on zones 1 and 2, Figure 2.2.5 provides a schematic representation of the 

position of a critical zone of vegetation -physical process interaction in a humid ri ver 

system at the interface between the plant -dominated floodplain and the fluvial process -  

dominated main channel (upper graph) and how that critical zone may shift towards the 

floodplain in high -energy river systems and towards the channel in low energy river 

systems (lower graph), accompanied by a shift in the type of plant engineers from 

riparian to aquatic species (from Gurnell, 2014). Figure 2.2.6 provides an example of 

interaction between fluvial processes and riparian plants, particularly tree speci es, that is 

illustrated by a complex pattern of erosion and retention of sediment within zone 2 of 

the wandering River Tech, France (from Core nblit et al., 2009).  
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Table 2. 2. 2  Examples of patterned vegetation and micro -  to meso - morphology  (pioneer 
landfor ms)  formed by self - organisation in hydrologically - related contexts.  

 

Environmental 
Setting  

Vegetation - Hydromorphology Interaction - Feedback 
Processes  

Reference  

Drylands (zone 5 and 
in some cases zones 4 
and 3 in dry climate 
areas)  

The presence of vegetatio n increases water infiltration 
(roots) and decreases soil evaporation. Vegetation extracts 
moisture from surrounding areas to support 
evapotranspiration, while differences in water infiltration 

reduce the supply of moisture to surrounding areas. Thus 
patch es of vegetation persist once present, but bare soil is 
too hostile for recolonization once vegetation is removed.  

Rietkerk et al., 
2000.  

  
Okavango Delta: Termite mounds accumulate nutrients and 

become colonized by terrestrial vegetation which attracts 
browsers / grazers who further enrich the nut r ient supply 

leading to island development  
 

 
Gumbricht et al., 

2004.  

Wetlands (zones 5 
and 4 in wet 
environments, zones 

4 and 3 in less wet 
environments)  

Mires often display hummocky / ridged patterning as a res ult 
of positive feedback between plant productivity and 
groundwater depth. This reflects increased production of 

vascular plants on drier sites.  

Rietkerk et al., 
2004.  

 Florida Everglades: Subsurface flows of water are induced by 
tree evapotranspiration, which redistribute s nutrients from 
surrounding areas towards tree islands, this increases 
primary productivity and peat development which increases 
the size and elevation of the tree island s. 

Wetzel et al., 
2005.  

Severe fluvial 
disturbance 
dominated (zone  2 in 
strongly fluvially -
disturbed 

environments)  

Uprooted trees deposited on bars, sprout and produce roots, 
the trees are anchored by their roots and their sprouting 
foliage traps sediment from water and wind  transport leading 
to island development. Flowi ng water is concentrated 
between the developing islands during floods leading to 

scour and vegetation removal.  

Gurnell et al., 
2001, 2005. 
Francis et al., 
2009.  

Submerged (zone 1)  The main mechanism for pattern formation in aquatic river 
vegetation is sca le-dependent feedbacks between aquatic 
plant growth (submerged and emergent), water þow velocity 
and erosion and sedimentation of the river bed. Within 
vegetation patches, flow velocity reduction leads to 
sedimentation, whereas between patches flow velocity is 

increased resulting in less sedimentation or scour. Plant 
survival is increased  within patches and decreased between 
patches.  

Schoelynck et al., 
2012.  

 

The precise functioning of vegetation - fluvial process interactions is likely to vary not only 

with river energy but also with the biogeographical setting of the river. Figures 2.2.7  to 

2.2.10 present, for different biogeographical settings  (e.g. Atlantic European, Alpine, 

Mediterranean) , schematic representations of (A) the typical average and seasonal 

variability in lateral moisture availability (alluvial groundwater and surface wat er levels, 

and (B) the typical lateral gradients in fluvial disturbance intensity according to river 

energy and whether the flow regime is ephemeral. The interactions between the 

hydrological processes of (A), the fluvial disturbances of (B) and vegetation , result in the 

the typical lateral gradients in vegetation cover and biomass shown in (C) and critical 

zones of vegetation ï fluvial processes interactions shown in (D).  
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In moist climate settings (e.g. the Atlantic European and Alpine (middle and lower 

reaches) biogeographical zones, Figure 2. 2.7 ), rivers generally have perennial flow 

regimes and plants grow freely across the moist floodplain.  The critical zone shifts 

laterally outwards from the edges of the low flow river channel (zone 1 edge and zone 2)  

according to river energy and style, and vegetation cover and biomass are consistently 

high in zones 3, 4 and 5. In very low -energy and poorly drained conditions in moist 

climate settings (e.g. the Atlantic European biogeographical zone, Figure 2. 2.8 ), 

vegetation - fluvial process interactions are largely confined to the perennially - flowing 

channel (zone 1). As a result, vegetation persists across the channel as well as the 

floodplain, and areas of bare sediment are confined almost entirely to gaps between 

aquatic plants on the river bed. In these systems, although plants provide a near -

continuous cover across zones 2, 3, 4 and 5, sensitive vegetation -hydrology interactions 

may occur across the floodplain as plant communities interaction with high water table s 

and soil waterlogging associated with the groundwater regime.  

In settings where floodplain moisture is more restricted (e.g. the very free -drained 

coarse sediment river margins and seasonal snowmelt regimes of high Alpine rivers, 

Figure 2. 2.9 , or the sea sonally dry climate and river corridors of the Mediterranean 

biogeographical region, Figure 2. 2. 10), rivers with seasonally ephemeral flows become 

common. Strong seasonal variability in water availability results in strong vegetation -

hydrology interactions  in all of zones 1 to 5.  These result in sparse vegetation cover in 

zones 4 and 5, such as across the floodplains of Mediterranean rivers and the coarse 

sediments of lower hillslopes of high Alpine systems, as well as strong vegetation - fluvial 

process inte ractions in zones 1 and 2 associated with the highly variable river flows.  

Figure 2. 2. 11 illustrates patchy vegetation resulting from interactions between plants 

and fluvial processes within critical zones of three example rivers ( River Frome,  UK;  

River Guadarranque, Spain;  River Tagliamento,  Italy ).  
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Figure 2. 2.5  The location of a critical zone of plant engineering between areas 
dominated by fluvial disturbances and by plants (upper graph), and the potential shift in 
critical zone location and plant e ngineer type between rivers of different energy (after 
Gurnell, 2014).  

 

 
 
Figure 2. 2.6   Transition from bare sediment to closed riparian forest between zone 1 

(low flow channel) and zone 3 (tree covered area) of the wandering gravel bed River 
Tech, France , highlighting vegetated zones of sediment accretion within zone 2 (herbs 
and shrubs) (Source: Corenblit et al., 2009).  
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Figure 2. 2.7  Schematic representation, for rivers in moist climates ( e.g.  Atlantic  and 
Central  European; middle - lower reaches of Alpi ne rivers), of lateral gradients in:  

A.  typical river and groundwater levels (average, dry season, wet season).  
B.  fluvial disturbance intensity associated with rivers of different energy .  
C.  vegetation cover and biomass associated with rivers of different energy . 
D.  the position of critical zones of vegetation fluvial process interactions associated 

with rivers of different energy . 
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Figure 2. 2.8  Schematic representation, for very low energy, poorly - drained rivers in 
moist climates (e.g. Atlantic and Central Europea n), of lateral gradients in:  

A.  typical river and groundwater levels (average, dry season, wet season).  

B.  fluvial disturbance intensity .  
C.  vegetation cover and biomass . 
D.  the position of a critical zone of vegetation fluvial process interactions and area 

of the ri ver corridor affected by strong vegetation - hydrology (groundwater) 
interactions . 
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Figure 2. 2.9  Schematic representation, for high Alpine rivers, of lateral gradients in:  

A.  typical river and groundwater levels (average, wet season, dry - season ïperennial  
riv ers, dry season ï ephemeral rivers).  

B.  fluvial disturbance intensity associated with rivers of different energy and flow 
persistence .  

C.  vegetation cover and biomass associated with rivers of different energy and flow 
persistence . 

D.  the position of critical zone s of vegetation fluvial process interactions associated 
with rivers of different energy and flow persistence and area of the river corridor 
affected by strong vegetation - hydrology (groundwater) interactions.  
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Figure 2. 2. 1 0  Schematic representation, for M editerranean rivers, of lateral gradients in:  
A.  typical river and groundwater levels (average, wet season, dry - season ïperennial  

rivers, dry season in  ephemeral rivers  where water table is below the channel bed ).  
B.  fluvial disturbance intensity associated with  rivers of different energy and flow 

persistence .  
C.  vegetation cover and biomass associated with rivers of different energy and flow 

persistence . In the case of ephemeral streams vegetation cover and biomass is 

reduced and occupies nar r ower riparian bands; aquatic plants can grow in the 
middle of the channel all the year in low energy rivers and at the end of wet season 
in m edium and high energy rivers .  

D.  the position of critical zones of vegetation fluvial process interactions associated 
with rivers of diffe rent energy and flow persistence area of the river corridor 

affected by strong vegetation - hydrology (groundwater) interactions . 
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Figure 2. 2.11  Examples of patchy vegetation within critical zones of vegetation - fluvial 

process interaction on the rivers Fr ome (left, submerged and emergent aquatic plants), 

Guadarranque  (middle, riparian trees) and Tagliamento (right, riparian trees) . 
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2.2.5    Landform construction in critical zones of vegetation - fluvial 

process interaction  

Within the critical zone of fluvia l ecosystem engineering by plants (Figures 2. 2.5 , 2. 2.6  

to 2. 2.7 ), areas subject to self -organised patchiness (section 2.2.3) are dynamic in time 

and space and, as either the vegetation or the fluvial processes come to dominate, there 

is a transition from a patchy vegetation assemblage to either bare sediment (vegetation 

removed by extreme fluvial disturbances) or a more homogenous, continuous vegetation 

cover (vegetation expansion and succession progresses in the absence of sufficiently 

erosive fluvial dis turbances). Furthermore, between these end points the patches either 

become smaller and more widely spaced (under fluvial disturbances) or grow and start 

to coalesce (under vegetation expansion and succession). Transitions across river 

corridors from more disturbed to less disturbed zones show a gradient from bare 

sediment through patchy vegetation to continuous vegetation cover in zones 1 to 3 

(Figure 2. 2.1 ), and transitions between river types through time, show a similar gradient 

or its reverse (e.g. Fig ure 2. 2. 3).  

 

2.2.5.1   Size, Scaling and Complexity  

In relation to their interactions with river flows, plants can be considered to be 

analogous, in many ways, to sediment particles and aggregates of particles (Table 

2. 2. 3). The larger and denser the plant -related óparticleô the higher the shear stresses 

and flow velocities required for mobilisation and transport. However, plants have 

additional properties that affect their mobilisation, transport and deposition. They root 

into the substrate, making them mor e difficult to mobilise than mineral particles, and 

allowing them, despite their relatively low density and thus potential mobility, to remain 

in place and act as óobstacle clastsô inducing stoss -side (upstream) and wake - tail 

(downstream) accumulations of other plant and sediment particles, in an analagous 

manner to the cluster microforms that develop around large mineral sediment particles 

(sensu Brayshaw et al., 1983 ). Such accumulations underpin ópioneer landformô 

development associated with plants. In a ddition, their morphology is often more complex 

than mineral sediment particles, increasing their potential to snag against the river 

channel boundary and thus increasing their potential to be deposited. These properties 

allow plants to be retained in rive r systems more easily than sediment particles and, as a 

result, to act as important stabilisation and retention structures for other plant and 

mineral sediment particles.  

 

Table 2. 2. 3   óVegetative particlesô of different size (modified from Gurnell , 2007)  

 
Size  

 

 
Small  

 
ă---------------------------------------------- Ą 

 
Large  

Single 
óparticleô 

 

Seed  Leaf, twig, 
root  

Non -woody 
plant, branch  

Shrub, trunk  Tree  

Aggregate of 
óparticlesô 

Aggregate of 
mineral and 

organic 

particles 
including 

seeds  

Clod of soil 
wit h contained 

roots or 

rhizomes  

Non -woody 
plant or turf 
block with 

attached soil  

Root wad  of 
tree or shrub 
with attached 

soil  

Tree with 
attached soil  
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Once mobilised, large and irregularly shaped plants or plant pieces (e.g. large wood 

pieces, uprooted tree s, uprooted aquatic plants) can become jammed in ósmallô channels, 

providing major features that can transform flow hydraulics and thus the retention and 

sorting of sediment particles and the creation of landforms through scour and deposition 

processes. Eq ually, growing plants that are ólargeô relative to the size of the river channel 

(or individual distributary channels in multi - thread systems) can dominate flow 

hydraulics, sediment dynamics and channel form. Here ósmallô and ólargeô are relative 

terms, co mparing the size of the vegetative particles to the size of the river channels 

and flow paths through which they are being transported.  

In addition, for aquatic plants, Gurnell et al. (2010) identified from an analysis of 

information on the abundance of di fferent morphotypes with British rivers (Figure 2. 1. 6), 

that significant cover of linear emergent and patch submerged species was limited by a 

combination of median annual flood discharge (Q pmedian ) and slope. Subsequent analysis 

of a specially collected f ield data set (Gurnell et al., 2013), indicated that  the maximum 

unit stream power associated with 5% cover of the common linear emergent species, 

Sparganium erectum , was 110 W .m -2, and with > 25% cover was 60 W .m -2. These 

energy thresholds are indicative o f an upper limit of approximately 100 W .m -2 beyond 

which aquatic plants are extremely unlikely to be significant in initiating pioneer 

landform construction.   

 

2.2.5.2  Landforms associated with Plants in óSmallô, óIntermediateô and óLargeô 

Rivers.  

The abo ve discussion illustrates why it is important to understand the scaling between 

plants and the rivers with which they interact. A first step is to understand how river size 

has been scaled previously with respect to bed sediment. Church (1992) defined thre e 

classes of river size (ósmallô, óintermediateô, ólargeô) according to relative roughness 

(D/d):  the ratio of grain diameter of the bed material (D) and flow depth (d). He 

suggested that D/d is typically >1 for ósmallô rivers, where individual sediment particles 

are significant elements of channel form; 1 > D/d > 0.1 for óintermediateô rivers, where 

single aggregations of particles such as bars are major components of channel form; and 

D/d < 0.1, where neither individual particles nor single aggregations o f particles have a 

major influence on channel form. Church also considered the influence of large wood in 

the context of these channel size classes, considering that individual wood pieces would 

be significant morphological elements in ósmallô rivers, whereas aggregations of wood 

pieces (wood jams) could block rivers of óintermediateô size. Gurnell et al. (2002) 

extended Churchôs concept, comparing the size of the vegetative particles to the size of 

the river channels and flow paths through which they are t ransported  to help evaluate 

the storage and dynamics of wood in rivers. They considered the relative importance of 

hydrological properties (flow regime, sediment transport regime), wood properties (piece 

size, buoyancy, morphological complexity) and geomor phological properties (channel 

width, river type) in ósmallô, ómediumô and ólargeô rivers, where ósmallô rivers were defined 

as having a smaller width than the majority of wood pieces  (e.g. width < median wood 

piece length); óintermediate ô channels had widths greater than the length of most wood 

pieces (e.g. width < upper quartile wood piece length) ;  and ólargeô channels had widths 

greater than the length of all the wood pieces delivered to them. A similar approach 
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could be applied to all vegetative particl es and, in particular, could be adapted to apply 

to individual plants and plant stands growing within the active channel. In this case, 

individual plants could form a significant component of ósmallô river channels, whereas 

individual stands of plants coul d form a significant component of óintermediateô rivers. 

Thus the size of channels in relation to  the potential of plants species to engineer pioneer 

landforms is classified as ósmallô, intermediateô or ólargeô depending on both the absolute 

size of the ri ver channel and the size of the engineering plant species . T he resultant 

landforms also differ in their character, size and frequency  according to the size of the 

river channel and the size of the engineering plant species . Table 2. 2. 4 illustrates some 

of the pioneer landforms that may emerge from interactions  between óvegetative 

particlesô and fluvial processes. In general, the illustrated landforms are associated with 

aggregations of riparian trees and wood pieces or aquatic plants, and appear within the 

critical zone as individual landforms in óintermediateô size rivers and as assemblages of 

patch -sized features in ólargeô size rivers. Based on these definitions, Figure 2. 2.11  

shows examples of one óinermediateô (Guadarranque) and two ólargeô rivers (From e, 

Tagliamento)  in the context of the influential plant species and vegetation - related 

landforms that are present.  

 

2.2.5.3  Landforms associated with dead wood in rivers of different size and 

type  

Abbe and Montgomery (2003) provide the most comprehensive attempt to classify dead 

wood -associated landforms based on their research on the Queets River, USA. They 

considered landforms associated with autochthonous and allochthonous wood both 

separately and in combination. Th e following three - fold classification of the wood jams  

defined by Abbe and Montgomery (2003),  attempts to relate them to the channel size 

categorisation described in section 2.2.5.2 by Gurnell et al. (2002).  

Three types of autochthonous ( in situ)  wood jams are typical of ósmallô rivers and were 

named by Abbe and Montgomery (2003) as bank input, oblique log steps, and normal 

log steps.  

Bank input jams , as their name suggests, are simply trees or other large wood 

pieces that have fallen into the river from the bank, where they have remained in 

situ  because of their large size relative the channel (i.e. these are ósmallô river 

wood features). They are usually only partly located in the channel, providing the 

key piece s for ópartial jamsô (Gregory et al., 1985), which extend part of the way 

across  the channel, and may induce scour of pools on the river bed; erosion of 

the opposite river bank; and if the wood persists in the medium term, significant 

sediment and wood retention ;  and local strengthening of the river bank that can 

ultimately drive late ral channel migration.  

Oblique and normal log steps  are also produced by tree fall with little downstream 

movement in ósmallô rivers. However, for log step formation the large wood key 

piece completely spans the channel , partly or completely blocking the flow , so 

that mobile bed material and other wood pieces are trapped to create a step in 

the river bed profile. The se are distinguished from bank input jams  by the 

orientation of the key piece with respect to the channel plan.  
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Combination jams combine auto chthonous and allochthonous wood. The key pieces are 

usually locally -produced but these jams are also characterised by large quantities of 

mobile wood pieces which significantly affect their form.  

Channel spanning active / complete jams  As river channels w iden and channel 

gradients reduce, log steps are transformed into channel spanning log jams. This 

transition reflects the fact that in óintermediateô size rivers only a small proportion 

of wood pieces remain in situ while others move downstream until they become 

trapped by larger, channel -spanning pieces. These accumulations of wood have 

been classified as ócompleteô and óactiveô jams by Gregory et al. (1985), with 

active jams distinguished because they provide a sufficient flow barrier that they 

induce a s tep in the water surface profile at baseflow. Log steps not only induce 

steps in the bed profile through sediment retention but also through the 

development of downstream plunge pools and bars.  

As channels widen, other jam types also appear as autochthonou s and 

allochthonous wood interact:  

Valley jams  are large accumulations of wood that extend across and beyond the 

river channel, affecting much of the valley bottom. They occur when large trees 

fall and block the channel sufficiently to divert flow, leading  to undermining of 

other trees. As a result, fallen trees become widely distributed and can trap 

mobile wood to form large complex jams. Land  sliding and wind throw can also 

contribute to the initiation of valley jams. These features affect the riverôs long-

profile and produce a complex of hydraulic habitats which may lead to wood and 

sediment retention, vegetation colonisation and a mosaic of aquatic and riparian 

landforms. Valley jams are usually characteris tic of óintermediateô rivers, although 

where woo d supply is high (e.g. in association with catastrophic delivery from 

hillslopes or tributary channels), they may  be observed on ólargeô rivers. 

Flow deflection jams  are developments of the bank input jams described above 

for ósmallô rivers, since they are composed of key pieces delivered by local wood / 

tree fall that partly block the channel, coupled with large quantities of wood 

pieces from upstream that become braced (racked) against the key pieces, and 

many other smaller pieces that become jammed into this wood matrix along with 

sediment and seeds. These jams can be large features  (associated with 

óintermediateô or ólargeô rivers) that deflect flows causing bank erosion and pool 

development; the delivery of more local wood (from bank retreat); bench 

dev elopment within and behind the jam; and channel migration. Vegetation 

colonises the benches and, if the benches persist for a sufficient time, they 

eventually aggrade into the floodplain.  

Allochthonous jams characterise rivers of all sizes from ósmallô to ólargeô, although jam 

dimensions are constrained by river channel dimensions.  

Flood jams  are described by Abbe and Montgomery (2003) as being formed when 

wood accumulates beyond the river channel during floods. These jams form as 

wood ridges and wood pil es trapped around or between standing trees. A special, 

large case of wood ridge development can be driven by a combination of debris 

torrents  from surrounding hillslopes as well as flood delivery of wood. Similarly 

wood plugs  can form, blocking the entran ce to distributary channels around 
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islands and through the forested floodplain (see description below in relation to 

riparian trees).  

Bench jams  form where key wood pieces, oriented approximately parallel to the 

flow, become jammed in irregularities in the  channel margins. Such jams could 

occur on rivers of any size, but are probably most characteristic of óintermediate ô 

sized channels, where they initiate a type of partial jam (Gregory et al., 1985). 

The key pieces create a sheltered area within the channe l margins, where smaller 

wood  pieces , sediment and seeds can accumulate, leading to wood -associated 

bench development, and possibly channel migration.  

Bar apex jams  are widespread features of ólargeô rivers. They are initiated by a 

key piece of wood, usual ly an entire uprooted tree, which becomes snagged on 

the upstream face or crest of a mid -channel, side or point bar. The wood induces 

flow divergence and acceleration around the upstream - facing root wad of the 

tree, leading to the scour of a pool, and flow  deceleration and deposition of 

relatively fine sediment in the form of a bar around the tree trunk. As wood 

pieces are trapped by the root wad, the processes of scour pool and bar 

development are accentuated, and seed germination on the bar gives rise 

eve ntually to the development of an island.  

Meander jams  develop on the outer and downstream banks of meander bends. 

They are formed by mobile wood becoming trapped against, within and on the 

bank. The trapped wood forms an erosion - resistant barrier that pro tects the bank 

and so influences the subsequent development of the river bend and is often 

associated with the development of deep pool s in the river bed.  

Counterpoint jams  are not reported by Abbe and Montgomery (2003) because 

they form on the bends of la rge, low gradient meandering channels, which differ 

from the river channel types reported for the Queets system. On low energy, 

meandering systems, whole trees and large wood pieces transported from 

upstream accumulate in dead zones within the upstream, co ncave, bank of river 

bends. The counterpoint deposits associated with these jams are composed of 

fine sediment with much organic material including small wood pieces, which 

provide a nutrient - rich environment for seed germination and growth.  

Log rafts  are very large floating accumulations of wood that can block 

intermediate to low gradient river channels. As a result of human interventions, 

they are rarely observed  nowadays , but have been noted in historical sources.  

All of the above types are relatively st able features and usually incorporate some 

buried or robustly snagged key wood pieces. They can persist and enlarge over 

prolonged periods, and support vegetation development by acting as a seed bed 

for tree seedlings. However, there are a wide variety of unstable wood 

accumulations found in rivers that do not have the structural stability of the jams 

described above. These include wood deposited in loose piles and ridges along the 

bank edge, within the floodplain forest, and on bar tops  
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2.2.5.4  Landf orms associated with riparian trees (a) óLivingô wood 

Many riparian tree species regenerate vigorously from wood pieces. Wood capable of 

sprouting creates all of the features listed above in relation to dead wood. However, 

because of the ability of the woo d to sprout, vegetation ócolonisationô of these features 

proceeds at a fast rate, often permitting a longer period of survival than their dead wood 

counterparts. There are also landforms that are specific to sprouting uprooted trees and 

wood pieces, and al so to the growth of tree seedlings, which can be observed in rivers of 

all sizes. Gurnell et al. (2012) and Gurnell (2014) provide recent reviews.  

Pioneer islands  (e.g. Edwards et al., 1999) are initiated following bar apex jam 

formation with wood that spr outs. As a result of rapid vegetation regeneration, 

within two or three years, little evidence remains of the original key piece, but 

vegetated patches located on ridges of fine sediment are evident. At this stage, 

the pioneer islands have transformed into  building islands  (Gurnell et al., 2001), 

which are a product of the lateral and vertical growth of pioneer islands as 

vegetation traps and retains sediment and wood. In some cases, the process is 

further accelerated when pioneer islands coalesce. These fe atures can form within 

river channels in both perennial and ephemeral river environments (in zones 1 

and 2). They can also form within heavily disturbed riparian zones (zone 3), and 

are particularly noticeable in drier riparian environments, where part -bur ial of 

deposited wood during over -bank floods may support vegetation regeneration 

and the formation of distinct vegetated mounds / patches separated by areas of 

bare ground in zone 4.  

Wood plugs form when wood accumulates at the entrance to distributary 

channels during flood events, particularly those that form side channels through 

floodplain woodland. These wood structures trap sediment and can eventually 

close the side channels. While such features can be composed entirely of dead 

wood, sprouting wood p roduces a more effective sealing and trapping structure, 

resulting in rapid channel cut -off. Furthermore, riparian trees usually form the 

retention structures for the wood  pieces within the wood  plug.  

Wood cored, scroll bars  are ridges that develop mainly on point bars (but 

counterpoint bars can also support similar ridge - type features, Page and Nanson, 

1982). Although initially thought to be a result of flow -sediment interactions, 

Nanson (1981) recognised that they were often cored by dead wood, and it is 

now apparent (e.g. Gurnell et al., 2001) that their formation is widely associated 

with (i) the trapping and alignment of uprooted trees and wood pieces during 

floods to form a core for the scroll, (ii) sprouting of the wood to reinforce the 

scroll and ind uce aggradation and enlargement and (iii) eventually coalescence  of 

the vegetated scroll bar with the active channel margin to extend the floodplain. 

This process is similar to pioneer and building island development but it occurs on 

single thread sinuous,  usually meandering rivers, and causes the vegetation -

banded bars described by McKenney et al. (1995). Wood is an essential 

component of scroll bar development in rivers with flashy flow regimes.  

Seedling - induced scroll bars  can be initiated by seedlings i n rivers with less flashy 

flows but that support a more predictable annual flow regime with a distinct 

annual flow peak (usually the spring snowmelt peak). Sediment is trapped as the 
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seedlings grow to form a ridge - like feature at an elevation that is suffi ciently low 

on the point (or side) bar for the seedlings to have a sufficient moisture supply 

but high enough to avoid uprooting of the seedlings by flow pulses.  

Seedling - induced levées form in a similar manner to seedling - induced scroll bars 

but at a low er elevation ï close to the low flow water level. Formation at this low 

elevation takes advantage of the moist environment next to the low flow water 

level but requires minimal disturbance to avoid damage and uprooting of the 

seedlings. Therefore, these le vée features (i) contribute to river bank formation in 

low -energy rivers, particularly as a part of lateral channel adjustment, or (ii) they 

may be indicative of rivers in transition from one style to another as a result of 

changes in the flow regime, or ( iii) they are temporary features created during 

low disturbance periods, particularly in rivers close to threshold conditions 

between planform types .   

Sprouting wood equivalents of flow deflection, bench and meander jams can be 

more effective in developing  bench features and inducing other related landforms 

than their dead wood counterparts. This is because the wood can send roots into 

the bank toe, the jam itself and any accumulating sediments. At the same time, 

shoots from the wood rapidly form a vegetati on canopy that can trap sediment, 

wood and seeds.  

 

2.2.5.5 Landforms associated with riparian trees : S t anding trees , 

predominantly in ósmallô to óintermediateô rivers  

Individual standing trees are important for initiating landforms, particularly in ósmallô to 

óintermediateô rivers. 

J-shaped trees and bank buttressing . Individual riparian trees can buttress the 

river bank with their root systems. Trees often developing J shaped trunks as a 

result of interaction between tree growth and bank erosion  / moveme nt , and the 

ability of many riparian species to produce adventitious roots can lead to roots 

shooting from below the J in the trunk to penetrate the river bank and bed.  

Trunks, trailing branches and exposed roots can act as retention structures or key 

piec es in wood jams that are equivalent to those listed above as combination 

jams (e.g. active, complete, valley, flow deflection jams ).  

Bars, benches and islands. The hydraulic effect of living trees can lead to lateral 

bar  and bench  development, where the la tter features become quickly reinforced 

by tree roots.  Furthermore, because of the resprouting ability of many riparian 

tree species, new marginal and in -channel trees can sprout from trailing branches 

that touch the river bank or bed. These can contribute  to bar, bench and island 

development as the new shoots grow and trap wood and sediment.  

 

2.2.5.6  Landforms associated with aquatic plants in rivers of different size and 

type  

Aquatic plants induce landform development in low -energy river environments. Fo r 

example, Gurnell et al. (2013) estimated that landform building by the robust, linear -
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leaved, emergent plant, Sparganium erectum , in British streams, is restricted to rivers 

with a bank full unit stream power of less than 110 W.m -2 and a channel width of  less 

than 10  m (i.e. ósmallô to óintermediateô rivers in the context of the typical size of 

indiv idual  aquatic plants and plant stands). Furthermore, because most aquatic plants 

are adversely affected by riparian shading, landform building is confined to channels 

where shading is low. However, within the environment of low energy, narrow, unshaded 

channels, interactions between aquatic plants and fluvial processes are fundamental to 

channel form and channel dynamics. Gurnell et al. (2012) and Gurnell (2014 ) provide 

recent reviews.  

By presenting resistance to flow , submerged and emergent aquatic plants increase the 

retention of sediment. The extent to which they do this depends upon the hydraulic 

resistance of the front of the plant stand, leading to sedimen t accumulation within and 

behind the stand. Landforms associated with aquatic plants reflect a sequence of fine 

sediment trapping, reinforcement and aggradation, so that three types of feature can 

develop along river margins or within river  channel s. These  features are (i) low 

amplitude mounds around the plants and below the low - flow water level; (ii) moderate 

amplitude mounds that extend vertically to the low - flow water level and (iii) large 

amplitude mounds that emerge above the low - flow water level and e ventually aggrade 

to the level of the surrounding floodplain. The three feature types represent landform 

development stages, but they are distinguished by the plant species that they support. 

As the features evolve they trap plant propagules as well as sed iment. The propagules of 

species appropriate to the environmental conditions provided by the feature stage 

develop into the vegetation cover that is present at that feature stage. Different species 

assemblages can result in different feature micro - topograp hies. Therefore, the three 

features and their associated plant species create distinct habitats for other species and 

at different flow stages.  

Submerged shelves  (i.e. feature stage (i)) form around the base of emergent and 

submerged aquatic plants. They frequently form in association with stands of 

emergent  macrophyte s along channel margins, providing areas of shallow water 

and protecting / reinforcing the bank toe (Gurnell et al., 2006, 2014), although 

they can also form around both emergent and submerge d plants in mid -channel 

locations (Cotton et al., 2006).  

Emergent shelves / berms (i.e. feature stage (ii)) are different names that have 

been given to similar features. They describe features that have developed to the 

low flow water surface  level , and u sually have a sharp break of slope between 

their vegetated surface and edges. They may occupy mid -channel locations, but 

most commonly occupy channel margins. The sharp break of slope between the 

surface and sides of these features is indicative of the int eraction between the 

stabilising and reinforcing vegetation and erosion of the feature edges by fluvial 

processes. This form and the finer sediments that are incorporated distinguish 

these vegetation -driven features, from more rounded vegetated (side and m id-

channel) bars. Vegetation plays a more passive role in bar formation than in the 

development of emergent shelves or berms. Because of their emergent surface, 

emergent shelves or berms do not support truly aquatic species, but instead are 

colonised by tr ansitional and wetland species.  
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Vegetated benches  (i.e. feature stage (iii)) have densely vegetated surfaces that 

lie above the low flow water level and below the level of the floodplain. They have 

a similar elevation range to the benches described above in relation to flow 

deflection jams and bench jams. Their formation is initiated by aquatic and 

wetland plants along small, low -gradient rivers. However, on larger, low gradient 

rivers, riparian trees are usually involved (dead and sprouting wood, and 

seed lings). At this bench stage, they support both wetland and more terrestrial 

species depending upon their elevation relative to the low - flow water level and 

thus their indundation duration and frequency. They develop preferentially but 

not exclusively on th e inner banks of bends at point and counterpoint locations  

Tussocks are micro - topographic forms associated with some species that appear 

during the above feature stages. These provide important hydraulic complexity 

when the features are inundated and disti nct microhabitats within the feature.  

In very low -energy environments, where the bed material is fine, vegetation is 

essential to landform -building and the above features are the equivalent of 

submerged and emergent bars in higher energy systems. If posit ioned 

appropriately within the channel, they may initiate features equivalent to mid -

channel bars, side bars, point bars, and channel plugs observed in coarser 

sediment, higher -energy systems (Gradzinski et al., 2003).  

Emergent and wetland plant induced le vées.   In some low -energy river systems, 

the above feature stages may eventually lead to significant island development, 

as is found in lowenergy anabranching ( anastomosing )  systems. The resultant 

islands tend to have a tabular profile covered by wetlands.  Plant - fluvial process 

interactions across the island surfaces often result in fine sediment particles being 

filtered out of the flow by vegetation at the island margins. This process leads to 

the development of low levées around the edges of the islands.  

In conclusion, the above is not an exhaustive list of the landforms that emerge as a 

result of interactions between plants and fluvial processes, but it provides a first attempt 

at a synthesis. This is a rapidly developing area of river research, but it is  clear that 

different landforms are linked to different river types with their accompanying energy 

and sediment characteristics. Furthermore, different plant species act as ecosystem 

engineers, driving the development of these landforms in different biogeo graphical 

zones. Nevertheless, dead wood, riparian trees and aquatic plants appear to act as 

physical ecosystem engineers in rivers of different type and energy. Figure 2. 2.12  

provides a first attempts to link some of these plant - related landforms  to speci fic 

positions within the cross -profiles of rivers of different style.  
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Figure 2. 2.12  Expansion of zones 1 (bottom of diagram to low flow water edge) plus 
zone 2 (low flow water edge to edge of mature riparian vegetation) across river 

planform types with  increasing flow energy (left to right). The ovals indicate pioneer 
landform types formed around patches of vegetation (Source: Gurnell, 2014)  
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Table 2. 2. 4   Some examples of vegetation - associated landforms  

 

Jams produced when trees or other 

large wood piec es fall into the river 

from the bank, and remain in situ.  

 

Left: Bank input jam  

 

Right: Log step  

  
Channel spanning active (left) / 

complete jams (right) produced when 

mobile wood pieces accumulate 

upstream of in situ  channel -spanning 

pieces, causing ob structions to flow 

that, in the case of active jams, 

induce a distinct step in the water 

surface profile, even at low flows  
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Flow deflection jam:  fallen trees 

deflect flow, leading to channel 

widening, pool development and the 

accumulation of fine sedi ment and 

wood in a bench - like feature behind 

the wood barrier  

  
Valley jam: very large wood jam wider 

than the bankfull channel width and 

the largest pieces of wood.  

  



 D2.2 Natural HyMo Dynamics, Biota and Ecosystem Function ς 1 - 

Page 50 of 324 

 

Flood jams:  

 

Left: wood ridge  

 

Right: wood pile  

  
Bench jam: oblique key wood pieces 

are wedged into irregularities in the 

channel margins, creating a barrier 

behind which fine sediments and wood 

accumulate to form a bench.  
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Bar apex jam: located at the 

upstream end and on the top of bars 

and formed around large wood pieces 

that  retain fine sediment and often 

induce scour holes or pools at their 

upstream end.  

 

 

Meander jam: found on the outer 

margins of bends of large meandering 

channels where whole trees and large 

wood pieces jam against the 

downstream bank of river bends, 

protecting the bank from erosion and 

so affecting channel curvature  
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Counterpoint jam: f ound on the outer 

margins of bends of large meandering 

channels where whole trees and large 

wood pieces accumulate within a dead 

zone within the upstream bank of 

riv er bends. The counterpoint deposits 

associated with these jams are 

composed of fine sediment with much 

organic material including small wood 

pieces  

  

Left: Debris torrent in steep valley  

 

Right: Log raft ï a large floating 

accumulation of wood that can block 

intermediate to low gradient river 

channels  
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Pioneer island  

 

 

Building island  
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Wood plugs in entrances to side 

channels  

  
(Sprouting) wood -cored scroll bars  

  



 D2.2 Natural HyMo Dynamics, Biota and Ecosystem Function ς 1 - 

Page 55 of 324 

 

Seedling - induced levée  

  

J shaped trees and bank buttressing.  

Left: tr ee sprouting from the base of 

the bank, with roots stabilising fine 

sediment on the channel bed.  

Right: An old alder tree that originally 

grew on the bank. It then developed a 

J shape, as the bank evolved. Thick 

roots can be seen penetrating the 

water and  river bed below the J, and 

also spreading from the rear of the 

trunk into the bank, where they retain 

a bench of sediment at a level that is 

below that of the surrounding 

floodplain (background to right).  
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Tree - induced bar (left) and bench 

(right). In  both cases the bar/bench 

feature is composed of fine sediment 

retained by tree roots.  

 
 

Branch - induced island.  

Left: Upstream face of island showing 

wood accumulation (foreground) and 

shrubs and 3 mature trees on the 

island  

Right: centre of island, f acing 

upstream, showing wood and 

sediment accumulated around shrubs 

that have sprouted from branches 

touching the river bed  
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Submerged shelf induced by aquatic 

plants  

  
Emergent shelf / berm induced by 

aquatic plants  
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Bench induced by aquati c plants  

  
Left: Tussock (on emergent shelf / 

berm)  

Right: Wetland and aquatic vegetation 

and peat river bank  
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Left: Aquatic vegetation stabilised bar  

 

Right: Island initiated by submerged 

aquatic vegetation (in channel in 

foreground -  submerged aqu atic 

vegetation trapping fine sediment to 

form a submerged bar / shelf)  

  

 
























































































































































































































































































































































































































































































































