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Abstract  

With river flooding being more frequent due to climate change, the interaction 

between fluvial morphodynamics and riparian vegetation may depend in part on 

the sequence of flood events. This paper describes a laboratory study of the 

geomorphic adjustment of a braided river to flood sequencing at five different 

strengths of riparian vegetation. By using alfalfa as a proxy for the braidplain 

vegetation, differing plant life stages were used to represent the varying strengths 

of biogeomorphic feedbacks. Sediment flux conditions included runs with both 
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equilibrium sediment loads and deficit loads. Changes in bed topography were 

assessed by using a detailed digital elevation model, digital imagery and 

continuous monitoring of the transported sediment. The results broadly 

demonstrate that in absence of plant colonisation, riparian vegetation encouraged 

the development of new channels, increased the system channel width and 

enhanced topographic irregularity, these effects being more noticeable during the 

low-flow periods. The morphologic changes were however less sensitive to 

variations in discharge as the vegetation influence (size) increased from minimum 

to maximum, until vegetation began to die back and the impacts of flood sequence 

became yet again evident. Although the sediment transport rate was effectively 

reduced under full-grown vegetation conditions, the presence of the mature plants 

across the braid bars resulted in the greatest channel scour depths. Overall, in 

absence of plant colonisation, the below-ground biomass played a more significant 

role in river response to flow variability as compared to the above-ground biomass.  
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1 | INTRODUCTION 

Flood frequency and magnitude are expected to increase over large parts of the 

world due to climate change (IPCC, 2014) and the interaction between fluvial 

morphodynamics and riparian vegetation may be thus influenced by the ordering of 

flood events as the frequency of flood flows increases. In other words, the 



influence of the non-constant forcing discharge, or the impact of the antecedent 

flood (either low or high flood), might become more significant in driving the 

evolution and change in fluvial environments.  

Experimental models, in the context of floodplain evolution over long periods 

of time (e.g. decades) typically use a magnitude-frequency approach, in which the 

experiments simulate just the significant flood events and ignore periods when 

flows have little or no competence to transport sediments and affect 

morphodynamics. This enables additional time-scale compression by increasing 

the geomorphological work completed in a period of model time (e.g. Peakall et al., 

1996). A rigorous specification of long-term sequencing of flood events of different 

magnitudes and its simultaneous interaction with riparian vegetation has been 

lacking, despite the critical importance that it may have particularly in dynamics 

river systems that experience high erosion/deposition rates, and are thus more 

sensitive to a change in the flow regime. In this context, the sequential 

characterization of channel change in relation to discharge fluctuations is thus 

essential to understand the effect of temporal ordering of flood events on channel 

behaviour when modelling river response over long time scales.  

Flow variability is known to impact braided planforms more than single 

thread systems because braided rivers are characterized by higher width/depth 

ratios and they are strongly dependent on the exposure of bar-scale topography 

(Bridge, 1993; Tal et al., 2004). Indeed, the braiding pattern in some rivers can 

change radically, acting as a single channel at bankfull stage and only espousing a 

characteristic braided appearance on the falling stage (Bristow & Best, 1993). 

Vegetation interactions can also rapidly change braided rivers with scour‐induced 



channel narrowing in response to large flood events being stabilised by 

subsequent vegetation encroachment resulting in lower width/depth ratios 

(Johnson, 1994; Piégay et al., 2009; Toone et al., 2014). A clear example is 

Waitaki river in New Zealand, where less frequent floods over a period of 70 years 

resulted in reduced braiding intensity due to vegetation encroachment (Hoyle et al., 

2012). This effect of riparian vegetation on fluvial landform development has been 

identified as an engineering function of the plants (Naiman et al., 1999; Piégay & 

Gurnell, 1997; Gurnell & Pett, 2006) leading to the concept of biogeomorphic 

succession (Corenblit et al., 2007, 2009, 2014), in which four stages can be 

identified based on the relation between resisting and destructive (floods) forces 

(Bätz, 2016). The first two stages (seedling dispersion by flow and survival) are 

geomorphological, with the vegetation being highly exposed to the physical 

environment. During the third stage, the bio-geomorphological period, the 

interaction between plants and their physical environment is highest, and plants 

are able to resist total destruction by flow. During this stage, deposits are more 

resistant to erosion as roots have increased bed sediment cohesiveness and fine 

sediment trapping is enhanced via the aboveground biomass. The fourth stage is 

the ecological stage, in which vegetation becomes independent of fluvial processes 

and obtains their resource demands (nutrient and water retention) through 

autogenic processes. 

This engineering role of vegetation, with the regression or progression in 

time and space of the plants, has prompted a number of laboratory investigations 

that have shown that vegetation can occupy newly exposed areas of bare 

sediment leading the river flow to focus into a single main channel (Gran & Paola, 



2001; Tal & Paola, 2007, 2010) or induce bifurcation and braiding when single 

large plants are present (Coulthard 2006, Van Dijk et al., 2013). Several field 

studies have also documented that colonisation by vegetation is not easily 

reversible and therefore typically has long-term impacts on the riverbed; however, 

vegetation can only colonise the riverbed up to a critical threshold of flooding 

frequency and magnitude, since vegetation colonisation can be restricted by 

different factors like vegetation removal due to destructive floods or inundation 

exceeding the plant’s tolerance (Johnson et al., 1985, Gurnell & Petts, 2006, 

Crouzy et al., 2012, Bätz, 2016). Also, the duration of droughts can affect 

vegetation regeneration. Hence, Garsen et al. (2014) linked a drought duration of 

approximately >30 days to a strong reduction of riparian biomass and stated that 

high drought intensities can damage riparian seedling survival.  

To address the impacts of increased frequency of flood flows, it is crucial to 

develop a further understanding on how channel morphodynamics and riparian 

vegetation are linked in a regime where colonisation rates by riparian vegetation 

are insignificant due to the frequency of flood events. This suggests that it is 

important to get a better understanding of river evolution when the ratio Tveg / Tflood 

> 1, where Tveg is the biological timescale (the time required for vegetation 

colonisation which is associated to plant germination and development rates) and 

Tflood is the hydrological timescale (the arrival time of floods), as reported in Paola 

(2001). Under this condition, two main issues arise that need further consideration; 

first, as flood flows become more frequent, how does flow variability impact on river 

morphodynamics over a sequence of events. Second, the higher frequency of the 

flood events will likely remove any young vegetation and colonisation will not take 



place, but existing vegetation (or the fraction of vegetation cover that was not 

removed by a previous flood) will continue to grow by increasing the chances to 

survive the following floods. In this respect, when surviving vegetation grows 

beyond the uprooting capacity of the following flood event, and colonisation by 

vegetation is not allowed, only the influence of the established vegetation it is 

expected to remain over time.  

This research develops new experimental protocols to simulate flood 

sequences from a combination of low and moderate flood flows comparable to 2 or 

5 year flood events (high recurrence period) and variable growth stages of 

established plants. The study determines the importance of flood sequencing in 

controlling river morphodynamics in absence of plant colonisation, and provides 

insights into how different stages of plant growth influence flow and solid transport 

along the river reaches as well as drought conditions. Results are invaluable for 

understanding morphological change-braidplain vegetation feedbacks in long-term 

evolution modelling that often do not consider the influence of flood sequencing.   

 

2 | METHODS 

2.1 | Experimental setup and procedure 

The experiments were conducted in the Total Environment Simulator facility (TES), 

University of Hull. The TES was divided into two mobile-bed flume channels, each 

functioning as an individual channel of 2.5 m wide and 10 m long, but both 

channels were similar to each other what allowed the repeatability of results. A 

schematic view of the experimental setup is shown in Figure 1, and a summary of 

the experimental conditions is given in Table 1. Each experiment was initialised 



with a longitudinal bed slope of 0.015 m/m set by grading a ~10 cm thick sand bed 

(ds = d50 = 0.45 mm). The slope remained almost constant throughout the 

experiments. Flow was introduced through a small box partly filled with cobbles 

and located at the upstream end of each flume to reduce inflow turbulence from the 

pump. Above the inlet boxes, a sediment feeder released sand, with the same 

grain size characteristics as the original bed, at a constant rate. During each 

experiment the discharge, the bed load input and the bed load output (captured in 

a sediment trap at the downstream end of each flume) were measured 

continuously. 

Prior to the experiments described herein, a long duration experiment with 

constant-discharge was completed to characterise a steady-state, self-formed 

braided channel morphology and establish the transport rates for the simulated 

flood events. This early experiment was started from a flat, sloping bed with a small 

channel carved into the middle in order to accelerate the initial stage of braid 

channel development. A constant inlet flow discharge of Q = 1.5 L/s and sediment 

input rate Qs = 6 g/s was maintained for approximately 40 hours. The resulting 

braided channel morphology was then used as the initial morphology to calibrate 

the discharges and sediment loads for the two flows to be used for the flood 

sequence events. The initial sediment feed rates were estimated empirically (e.g. 

Meyer, Peter and Muller, 1948), and then adjusted to maintain the bed slope at the 

initial value of 0.015 m/m, to ensure there was no net aggradation or degradation 

during the simulated flood events under equilibrium conditions. From these tests, a 

discharge of Q = 2 L/s was selected for the low flood event, with an associated 

sediment feed rate of Qs = 8.0 g/s (Table 1). The high flood was produced using Q 



= 3 L/s and a sediment feed rate of Qs = 15.5 g/s, and it was the highest flow 

possible without submerging the bed from wall to wall. A second low flood event (Q 

= 2 L/s) but now with the sediment feed rate reduced to 80% (Qs =1.6 g/s) was 

further considered to simulate a low bed load input in one of the rivers (Flume 1), to 

model the case where sediment transport capacity exceeded supply (called herein 

as a deficit flood).  

After the flow and sediment discharge conditions were calibrated, the two 

main experiments were carried out. These experiments were similar to each other, 

but the first experiment was completed with un-vegetated braidplains (Experiment 

I) as a control experiment, whilst the second experiment had vegetated braidplains 

with different growth stages of established plants (Experiment II). These two 

experiments (with un-vegetated and vegetated braidplains) were run twice, once in 

each flume, to allow the repeatability of results.   

For each experiment, following the development of a steady-state braided 

morphology using constant flow and sediment discharge (as described above), the 

system was subjected to a succession of a stepwise-variable flood events that 

included a combination of the simulated low and high magnitude flood events. 

Each flood event, here termed also a run, lasted 1 hour to allow significant 

morphological change (>30% of the total planform area as estimated during the 

initial calibration tests), and the floods were continuously repeated in order to study 

how the system evolved over a period comprising 12 floods in Experiment I and 18 

floods in Experiment II. The experiment with vegetation (Experiment II) was longer 

as it included different plant life stages.  



During each experiment, the bed topography was surveyed, in a dry state, 

between each flood event with an overhead 3D terrestrial laser scanner (Faro 

Focus X330); this DEM data was then derived over a 1 mm grid resolution. 

Additionally, six remotely controlled, overhead cameras were used to capture time-

lapse images at intervals of between 1 and 60 seconds during the flood events.  

For Experiment II, after developing the initial, steady-state braided morphology, 

alfalfa seeds (Medicago sativa) were uniformly spread by hand over the bed with a 

spatial density of 1 seed/cm2. To prevent plant growing within channels, seeds 

from the channelized areas were removed by briefly running low flows (Q = 0.8 L/s) 

after seeding. Four different growth periods were investigated (4, 8, 14 and 20 

days) here termed stages I, II, III and IV, along with a dying stage V, to gain 

insights into the relative role of the plant’s age (size) in the geomorphic impact of 

the sequential floods. Figure 2 shows the sequence of runs (Figure 2a), together 

with the characteristic (average) lengths for the vegetation during the different 

stages considered (Figure 2b-2c). As there was not reseeding between runs, the 

size of the plants remained uniform along the planform area during the experiment. 

An overhead view of different vegetation patterns during Experiment II is shown in 

Figure 3. During the experiments there was no interflow between runs, but the 

water table was maintained during the growing period using a groundwater flow 

input. Regarding the seeding, the spread of seeds was done in two opportunities; 

at the start of Stage I, and also at the end of this stage to be able to continue with 

the experiments (i.e. with the second growth stage) as there was not plant left on 

the braid bars after Run 4. Note that there was not reseeding between floods in the 

way to allow the vegetation to progress along the bed during interflows. Hence, the 



experimental procedure did not include a period of vegetation or morphological 

recovery between the runs. This procedure was adopted since the goal was to 

model the situation where the subsequent flood event occurred before the system 

had fully recovered from the previous perturbation and vegetation colonisation was 

not able to take place due to the high frequency of the floods. In this respect, the 

changes (if noticeable) in vegetation cover from run to run during Experiment II, 

shown in Figure 3, were purely caused by removal of existing vegetation by 

erosion. The final panel (f) in Figure 3 corresponds to the dying stage (Stage 5) 

performed to the end of the experiment to simulate the conditions of drought or 

situations where vegetation dies due to desiccation in arid environments. 

Table 1 Experimental flow and sediment discharges used in both Experiment I (bared braidplain) 

and Experiment II (vegetated braidplain). Q* refers to the nondimensional flow discharge computed 

as Q* = Q/√𝑔𝑔𝑑𝑑𝑠𝑠5/2  

 Q (L/s) Qs (g/s) Duration Q*  

Forming discharge 1.5 6 continuous 11.1 104 

Low flood 2 8 1 hour 14.9 104 

High flood 3 15.5 1 hour 22.3 104 

Deficit flood 2 1.6 1 hour 14.9 104 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1 Experimental flume set-up. a) Overview photographs of the Total Environmental Simulator 

facility at the initial time of Experiment I, t = 0 hour (left), and after reaching a stable bed condition, t 

= 42 hours (right). b) Schematic side view of the setup. The working length was filled with uniform 

quartz sand and bed slope of 0.015. Sediment was collected and weighted at the downstream end 

of the channel during the experiments. 
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Figure 2 Experiment II. a) Sequence of the 18 runs (or flood events) during the five stages of alfalfa 

growth (4, 8, 14 and 20 days and dried stage). Each flood event lasted 1 hour. Three of the floods 

in Flume 1 (Runs 3, 13 and 17) were released with a deficit in sediment within the inflow, while the 

same flood sequence without deficit runs was released in Flume 2. b) Average growth curves for 

the root and stem lengths of the alfalfa sprouts (Stages 1-4). c) View of the dying conditions of the 

alfalfa used in Stage 5 in both flumes.  
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Figure 3 Vegetation cover during the sequence of floods in Flume 1: a) plants with 8 days of 

growing: river bed at the beginning of Run 5 (i.e., Stage 2); b) plants with 8 days of growing at the 

end of Run 5 (Stage 2); c) plants with 8 days of growing at the end of Run 7 (Stage 2); d) 14 days 

of growing at the end of Run 9 (Stage 3); e) 20 days of growing at the end of Run 13 (Stage 4); and 

f) dried stage of the vegetation at the end of Run 16 (Stage 5). Vegetation colonisation was not 

included in the experiments, and the minor changes in vegetation cover were because of the 

removal of existing plants by erosion during the flood events.  

 

2.2 | Braidplain topography and vegetation cover data processing 

Width, depth and number of channels were computed from the DEM data at 

equally spaced cross-sections (0.20 m) along the 8 m study river reach (see Figure 

4a). This process was done after filtering the vegetation cover in CloudCompare 

software (Version 2.10.alpha) by using the CANUPO plugins (Brodu and Lague, 
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2012). For each cross-section the averaged bed elevation value was used as 

threshold to discriminate between bars and channels (see Figure 4b). The width-

depth curve b(D) was obtained by integrating depth from zero to the highest 

elevation in each of the cross-sections, and then summed for the entire 8 m study 

river reach following the method described in Redolfi et al. (2016), 𝑏𝑏(𝐷𝐷) =

1 𝐿𝐿⁄ ∫ 𝑏𝑏𝑥𝑥(𝐷𝐷)𝑑𝑑𝑑𝑑 𝐿𝐿
0 , where b is the width of the section for a projected water surface 

located at a distance D (being D the distance measured with respect to the lowest 

elevation obtained on the given section, see schematic Figure 4b). L is the reach 

length (8 m) and x is the longitudinal coordinate. The approximation of the curves 

as a power law, 𝑏𝑏 = 𝑘𝑘𝐷𝐷∝, where the constant k defines the scale of the width 

(Redolfi et al., 2016), was applied here for vegetated conditions to determinate the 

impact of the plants on the development of the channel width-depth ratios during 

the sequence of floods. In this regard, the shape of the cross section and channel 

pattern were identified by looking at the value of the exponent α, as α < 1 indicates 

single-thread rivers with classic concave upward shape, and α > 1 typifies a 

concave downward shape associated with braiding river patterns (see Toffolon & 

Crosato, 2007; Redolfi et al., 2016). 

To quantify the relative mobility of the channels during the sequence of 

floods, the temporal and spatial topography dynamics of all available cross-

sections located every 0.20 m within the 8 m river reach were considered. A bed 

topography correlation coefficient (r0) at each cross-section between sequential 

post-flood profiles was computed based on the methodology proposed in Gran & 

Paola (2001):  



 

𝑟𝑟0 = cov(𝜂𝜂1,𝜂𝜂2)
�var(𝜂𝜂1)var(𝜂𝜂2)

                                                                                         (1) 

 

where ƞ1, ƞ2 are the sequential cross-section data measured between 1 hour flood 

event. A value r0 = 1 denotes exact correlation between the successive cross-

section forms, while lower r0 values indicate higher channel mobility rates.  

 

 

 

 

 

 

 

 

Figure 4 a) Temporal evolution of one exemplifying cross-section; for t = 0 the bed-elevation 

corresponds to the rectangular channel carved by the scraper. b) Cross-sectional averaged bed 

elevation (red line) used to discriminate between bars and channels. Also, example of any width 

b(D) as a function of the elevation D with respect to the lowest point.  

To quantify the impact of vegetation on the number of channels (i.e. braiding 

intensity, BI) during the low and high floods, the variable ∆BI, relative to the 

unvegetated conditions, was computed from 

 

∆BI = <(BILOW−BIHIGH)2>
<(∆BI0)2>

         (2) 

 

A B 



where the brackets denote an arithmetic mean, i.e., averaged over the analysed 8 

m length of the flume channels, and ∆BI0 is the averaged difference in braiding 

intensity between high-low flows computed for the sequence of floods in 

unvegetated conditions. 

To track the total vegetation cover, the area covered by plants was identified 

using color images superimposed on DEMs collected after each flood event. For 

each image, the number of pixels that were identified as green relative to the total 

number of pixels along the reach length of the river was calculated. An example of 

the colour data associated with each DEM data is shown in Figures 5a and 5b for 

Run 5 (in Flume 1). Using the estimated values of vegetation cover following each 

flood event, Figure 5c shows the evolution of the vegetation quantified for each 

growth stage (Runs 1-14). As it is shown in Figure 5c, vegetation cover was close 

to zero value after Run 4, so a reseeding was done before continuing with the 

experiments. Only one reseeding was completed in the whole experiment, and in 

this instance, the alfalfa was allowed to grow 8 days (instead of 4 days) before the 

release of the flood events. Eight days of growth ensured that vegetation was not 

easily uprooted (as indicated by the values of vegetation cover in Figure 5c) and 

the plants that were not removed in Stage 2 continued to grow increasing their 

chances of surviving the following floods. Therefore, as expected, the removal 

rates were low in the following stages. Based on the growing root depths shown in 

Figure 2b, it is evident that the alfalfa remained stable over time after reaching a 

threshold length of ∼0.03 m, and because of that, vegetation cover remained at 

about 40% of the total area during Stages 2-4 (Figure 5c).  
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To the end of the experiment, in Stage 5, the vegetation was exposed to 

drought conditions and weedkiller (about 6 liters of Weedol spray) with the intention 

to weak and dry out the plants, as it is illustrated in Figure 2c. These dying 

conditions for the vegetation facilitated the removal of the plants in a similar way 

than with the young vegetation in Stage 1, as suggested by deduction in coverage 

shown in Figure 5c after day 15. 

 

 

 

 

 

 

 

 

 

 

 

Figure 5 Performance of riparian vegetation coverage during Experiment II. a) An example of a 

colour digital elevation map in which vegetation covers about 60% of the total river area (Flume 1, 

before Run 5). b) Binary diagram of the vegetation distribution after extracting the green channel 

from the image a) utilised to calculate vegetation cover. c) Riparian vegetation area as a fraction of 

total area during the sequence of floods. After Run 4 there was not plant left (<5% of the total area) 

so a reseeding was performed to continue with the following runs. 
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2.3 | Up-scaling 

By considering a 1:100 generic scale, the experimental setting described herein 

can be well though as a hydraulic, Froude-scaled model of a non-specific braided 

stream prototype with a reach length of 1000 m and mean width of 250 m, subject 

to a sequence of floods with discharges of 200 m3/s and 300 m3/s or return periods 

of 2 and 5 years. A number of rivers can be found in nature with the characteristics 

of this prototype scale. For example, the upper Drôme River in France has a width 

~110 m, d50 ~30-50 mm, and discharges of 256 m3/s and 381 m3/s with 2 and 10 

years return period, respectively (Landon et al., 1998). With a similar slope to the 

one chose in the present experimental setting it is found the gravel-bed 

Tagliamento river in the Northeast of Italy, which in the upper island-braided 

floodplain reach presents a slope of ~1.65%, widths in the range of 100-200 m, 

and where the 2- and 5- year return period floods are estimated to be 1100, and 

2150 m3/s, respectively (Gurnell et al., 2000, Arscott et al., 2002). The vegetation 

used in the present experiments had a stem thickness of 1 mm which would scale 

up to a 100 mm trunk thickness of a real riparian vegetation, and a height of 30 mm 

for the vegetation would scale to 3 m in a prototype. For example, trees in 

Tagliamento river has been reported with these dimensions (Gurnell et al., 2001; 

Gurnell & Petts, 2006). 

 

3 | RESULTS 

3.1 | General observations  



The observations presented herein focus on the main experiment, Experiment II, 

with growing vegetation. The results from Experiment I, which modelled the 

unvegetated river system, are only presented as a control experiment. Therefore, 

Figure 6 shows the vegetated river system evolution for the whole Experiment II in 

Flume 1; with each panel displaying the river morphology at the end of each run or 

flood event. 

As described in the methodology, during the flood sequence there was no 

plant colonisation. The experiment was thus designed to isolate vegetation effects 

that remained consistent or varied across the simulated vegetation life stages 

through the sequence of flood events. At the start of the experiment, it was 

observed that the low-magnitude flood in Run 1 tended to be confined to the pre-

existing channels for a short time, after which much of the streamside vegetation 

began to be removed by the flood water and then the channels started to migrate. 

As the height of the alfalfa plants increased in subsequent Stages (2,3 and 4), it 

was observed that flow velocities were slightly reduced, up- and down-stream of 

plant near the vegetation regions, which caused a rapid acceleration of flow in 

confined channels and diverted the flow towards less vegetated zones. Some of 

the released bedload was deposited proximal to vegetation which increased the 

height of bar-tails, as shown in Figure 6k and 6n; these effects become more 

pronounced over time as the plant height increased. As the experiment 

progressed, established vegetation patches were not removed by the flood events 

(vegetation cover remained mostly constant as shown by Figure 5b), and 

channelization was slightly increased by flow bifurcation, particularly during the low 

flow events.  



Reach-averaged flow velocities, estimated by releasing dye and particles 

during the experiments, ranged from 0.20 to 0.40 m/s approximately. The flow 

Froude number Fr (computed as U/(gh)0.5, where U is the average velocity of the 

flow, g is the acceleration of gravity, and h (∼0.02 m) is the flow depth) it was within 

the range of 0.4-0.9 and increased to unity (and ∼1.2) in some confined reaches. 

Mean wetted widths of cross sections were W ~ 1.6 - 2 m during the flood events, 

yielding Reynolds numbers Re in the range of 1000 - 2000 (computed as Q/νW, 

where ν is the water kinematic viscosity). This indicates the experiments were in 

the transition to a turbulent regime. The values presented above are similar to that 

obtained in previous studies of vegetated braided rivers, as the Tal & Paola’s 

experiments (2010), in which Froude numbers were reported in the range of 0.2 - 

0.8 and a fully rough and turbulent flow was characterized with Re > 2000. 

During the flood events with a sediment deficit, i.e. Runs 3, 13 and 17, in 

which the bed load supply was reduced to 80%, it was observed that the flows 

removed much of the sediment storage behind vegetation patches, as illustrated by 

Figure 6m which shows a post-deficit channel morphology. The flood events that 

followed these deficit floods were recognized here as ‘recovery’ flood events, since 

these flow with equilibrium sediment supply rates reversed the effects of the 

previous flood events in terms of the morphodynamic changes. In particular, it was 

observed that following a deficit experimental run, the subsequent flood event 

tended to differentially fill the scour zones first, and deeper the channels left by the 

previous flood; hence the longitudinal bed slope of rivers remained almost constant 

throughout the experiments.  



With the vegetation cover remaining roughly constant during the 

experiments as shown by Figure 5, the present study examined the effect of a 

flood sequence in a system with a riparian vegetation that remained almost 

spatially invariable (with a survival rate greater than 90% during Stages 2-4, see 

Figure 5c), but with plant size increasing due to vegetation growth (as it was shown 

in Figure 2b). Under these vegetation conditions, the overall planview configuration 

of the braided rivers also remained mostly unchanged during Stages 2-4, with 

vegetation and associated bars staying in place, and channels keeping roughly the 

same paths. With a mean flow depth during flood events of about h~0.02 m 

measured during the experiments, the different plant stages considered in this 

study can be associated to a varying relative submergence h/hV, where hV is the 

mean averaged height of the vegetation canopies (as given in Figure 2b). The 

approximate values for the relative submergence for Stages 1-4 are added in 

Figure 5c to indicate the modelled vegetation conditions in terms of the above 

ground part of the plants that were analysed during the experiments; only during 

Stage 1 the vegetation might be covered by the floods. 

Towards the end of Experiment II, the decaying vegetation conditions 

reduced the stabilizing effect of the vegetation and encouraged the formation and 

development of new channels in those areas previously dominated by living 

vegetation. Hence, Stage 5 of the experiment was comparable to Stage 1, with 

both decaying and young vegetation being unable to control the morphodynamics 

of the rivers. During the entire sequence of floods, a number of distinct 

morphodynamic processes were identified in association with the effects of 

vegetation age (size), which is described in greater detail below. 
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Figure 6 Post-flood morphological changes of the vegetated river bed in Flume 1 measured by 

laser during Experiment II. Each panel shows the braided river pattern at the end of each 
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hydrograph Run 1-18; Stage 1: A-D, Stage 2: E-G, Stage 3: H-J, Stage 4: K-N, and Stage 5: O-R, 

Flow direction is from top to bottom. Panels I-J shows the role of sediment bars (particularly, 

sediment stored behind plants during low floods) in deviating the flow (particularly during high 

floods). Panel M illustrates the changes of the river bed at the end of Run 13, which had a bed load 

input reduced, leading to the pronounced removing of the stored sediment. Panels O-R correspond 

to Stage 5 with a dried braidplain vegetation condition, which caused also a pronounced removing 

of sediment stored behind plants during previous runs.  

3.2 | Topographic adjustments  

3.2.1 Erosion and deposition rates 

The DEM data was processed to characterize the planimetric dynamics of the 

rivers during the sequence of flood events (see methods section). The average 

volumetric deposition rates were measured by differencing the topographic scans 

collected at the start and at the end of each flood event, summing the difference 

values at all locations, and dividing by the duration of the event, i.e. one hour. The 

result was the volumetric rate of deposition (positive) or erosion (negative) at the 

reach-scale shown in Figure 7 for all the runs that included vegetation, i.e. 

Experiment II. The role of vegetation in increasing aggradation rates and reducing 

erosion (resulting in positive net values) was verified in most of the runs. Runs 3, 

13 and 17 in Flume 1 during Experiment II were with a sediment deficit within the 

inflow and as expected, the net values were negative showing increased erosion. 

In all cases, the flood event that followed a deficit flood differentially filled the 

deeper channels left by the previous flood event. In particular, it was observed that 

during all the stages of alfalfa growth (Stages 2-4) the erosion rates were lower in 

both flumes, and they only started to increase during Stage 5 when the vegetation 



was desiccated. Note that net values were negatives during Stage 5 of the 

experiment, because the flood events removed most of the sediment that was 

stored in the lee of vegetation.  

3.2.2 Area of topographic change 

Figure 7 shows that the proportion of topographic change decreased from 40% and 

50% during the low and high flood events, respectively, to about 30% of the total 

river area by Run 6, and remained constant in this value thereafter during Stages 3 

and 4 (Experiment II). In this respect, the area covered (and therefore stabilized) 

by vegetation that was observed earlier in Figures 6g to 6n appears to have limited 

the proportion of area of change during Runs 8-14 (Stages 3 and 4) as established 

plants could not be removed by the floods. In contrast, results from Runs 15-18 

during Stage 5, show that the area of change started to increase when the 

vegetation was in decline. The percentage of area that changed during the floods 

in Stage 1 (young vegetation) was comparable to the one computed in Stage 5 

(desiccated plants).  

Comparing the high and low flood impacts on the topography, the areas of 

topographic change typically increased for the high flood events in about 10%, 

which might be linked to the increase in the area of exposed bed to the flood. In 

this regard, DEM data measured during the floods showed that during high-

magnitude flood events, the water flow covered an area approximately                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                 

15% larger than that during low-magnitude flood events, and this difference is 

reflected in the area of topographic change calculated during the experiments.  



Regarding the sediment being flushed from the river out of the system 

during the succession of floods, this reached the lowest value during Stage 3. This 

is shown in Figure 8, in which the sediment transport efficiency was computed as 

the ratio between Qout (sediment weighed at the downstream end of both flumes 

after subtracting the water content) and Qin (dry sediment fed into both flumes). 

During the succession of runs, it is evident from Figure 8 that vegetation limited 

sediment transport towards the downstream end of both flume channels, 

enhancing aggradation along the river reaches. Part of this retained sediment was 

stored behind vegetation leading to bar-tail formation on the right side of the river, 

as it is shown in Figures 6g-6n. The results in Figure 8 clearly show that even 

though vegetation density remained comparable during the sequence of runs (as 

vegetation colonisation was not included in the experiments) the sediment 

transport efficiency varied during the different life stages of the established 

vegetation, and it attained the reach-averaged minimum value of 48% in Stage 3 

(in both flumes). Further, Figure 8 illustrates the bedload transport efficiency for 

Runs 3, 13 and 17 (in Flume 1) that were the runs with a low-bedload input. 

Clearly, these deficit runs were effective in removing sediment along the river 

length and increasing the delivery of sediment at the downstream end of the flume, 

with computed values of the ratio Qout/Qin ~ 3.5, 2.2 and 5.2, respectively. In 

addition, it was noted that the highest value of sediment being delivered by the 

river happened to the end of the experiment during the drought conditions, i.e. in 

Stage 5. Therefore, with the above-ground of the biomass being dried, floods were 

able to remove most of the sediment stored during previous floods. 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7 Post-flood changes in the total volume of erosion, aggradation and net topographical 

change within the river reach over the sequence of the 18 runs in Experiment II in: a) Flume 1; b) 

Flume 2. The area of topographical change is also shown. Runs 3, 13 and 17 in Flume 1 were with 

deficit in sediment within the supply, therefore the net values are negative for those runs. 

3.2.3 Local scour 

The maximum depth of bed scour was extracted from DEM data and contrasted 

with the maximum depths measured during Experiment I with no vegetation. The 

averaged bed elevation value in each DEM was used as reference to compute the 

maximum depths that are shown in Figure 9, together with the reach-averaged 
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mean depth of the channels to give an indication of the overall channel depth 

distribution. This demonstrates that the presence of vegetation in Experiment II 

increased the channel scour depths relative to the unvegetated scenario of 

Experiment I. Indeed, the depths of the scour zones for unvegetated channels 

were about 1.5 times the mean depth of the channels, and increased to 2.5 times 

with mature vegetation. Overall, the maximum scour depths were within the range 

of typical values of 2-3 times the depth of the tributary channels measured in 

previous experiments and field studies (e.g. Mosley, 1976; Ashmore & Parker, 

1983; Best, 1986), but for the established vegetation in Stage 4 the maximum 

scour depths were the largest.  

 

 

 

 

 

 

 

 

Figure 8 Bedload transport efficiency computed as the ratio Qout/Qin. The vegetation life stages 

played a major role in controlling the impact of the sediment delivered by the rivers. The three 

pattern filled bars indicate the three runs with deficit in sediment introduced in Flume 1. The 

percentages are the averaged value of the transport efficiency ratio in both flumes without 

considering the sediment deficit runs.  

 

 



 

 

 

 

 

 

 

Figure 9 a) Maximum scour depths and reach-averaged channel depths measured during the 

release of flood sequence in Flume 1 for bare (Experiment I) and vegetated bed conditions 

(Experiment II). b) View of a typical scour formed at a confluence morphology after Run 5 indicated 

in Figure 6e. 

 

3.3 | Channel dynamics 

At the locations with vegetation, and with vegetation growth, the river bed 

(and the channels) was stabilized by the plants but the system remained highly 

dynamic with migrating channels in any area without vegetation, or with sparse 

vegetation with patches smaller than ~0.07 m diameter. This is shown in Figure 10 

which illustrates the evolution of a cross-section located 6 m from the inlet during 

different stages of Experiment II. Contrasting with Stage 1 (young vegetation) and 

Stage 5 (decaying vegetation) illustrated in Figures 10a and 10c, respectively, 

Figure 10b clearly shows the lack of mobility of the bed where vegetation existed 

during Stages 3 and 4. 
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Figure 10 Examples of cross-section changes at 6 m from the upstream boundary in Flume 1 in: a) 

Stage 1 with young vegetation, b) Stages 3 and 4 with established vegetation; and c) Stage 5 with 

dried vegetation. Flow direction point to the observer.  

  

To quantify the relative mobility of the channels, the topography correlation 

coefficient (r0) at each cross section between sequential profiles was applied based 

on the method described in Gran & Paola (2001). Figure 11 indicates that the 

coefficient r0 varied between < 0.1 to 0.8 for individual sections. The reach-

averaged values of the coefficient (along the 8 m river length analysed) were 

around 0.25 during Stage 1 and increased to about 0.45 during Stages 3 and 4. In 
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contrast, during Stage 5 (i.e., dried vegetation) and also during unvegetated 

conditions (Experiment I) the coefficient was about 0.2.  

As the vegetation grew, flood events (particularly the low-magnitude events) 

were not able to remove vegetation patches formed earlier in the rivers (see Figure 

6j-6k), and this patchiness contributed partly to channelization by bifurcating the 

flow. To quantify how bifurcations and braiding developed in the river systems, the 

braiding intensity (BI) was measured by calculating the number of channels during 

the sequence of floods. Figure 12a shows that the presence of vegetation in 

Experiment II increased the total number of channels by two, relative to the 

unvegetated conditions (Experiment I).  

 

 

 

 

 

 

 

Figure 11 Impact of vegetation growth on the reach-averaged bed topography correlation 

coefficients for the low and high flood magnitude events. The calculated mean and max-min values 

of the variation of r0 are also shown in the figure. Following Figure 2b the root length of the plants 

could be alternatively used to the vegetation stems. 

 

It is worth of note also that the no vegetation condition (Experiment I) leaded 

to an increase of the reach-averaged BI in about +2 channel during the low flood 



events relatively to the high flows (Figure 12a). This influence of the flood 

magnitude on the number of channels was less evident in presence of vegetation. 

To quantify the impact of vegetation on the BI differences between the low and 

high floods, the variable ∆BI was computed relative to the unvegetated conditions 

(i.e. Experiment I, with ∆BI0 = 1.2 in equation 2).Figure 12b illustrates that ∆BI was 

less sensitive to the flood magnitude (or to flow variability) during Stages 3 and 4 

(14 and 20 days of growing). To characterize the variability of BI for the different 

flows, the probability density functions (pdf) of the BI during Stages 1 and 5 (which 

presented the highest relative mobility rates of channels as shown in Figure 11) is 

reported in Figure 12c. The pdfs exhibit a distinct peak at BI = 6-7 for the case of 

the low flow events and BI = 5-6 for the high flows. In addition, it should be noted 

that the profiles are narrower in the case of the high flow events, and the number of 

channels most likely to be observed is in the range ±3 from the mean value, while 

for the low flows this is in the range of ±4.  
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Figure 12 Braiding intensity. a) Averaged BI values for all the runs performed with no vegetation 

(Experiment I) and with vegetation (Experiment II). The dashed lines indicate the mean value for 

both flows computed along the analysed river length. b) Relative differences of the braiding 

intensity between high and low floods as computed by expression (2) for the different vegetation life 

stages (stages) of the experiments; and c) Pdfs of the number of channels for low and high flows. 

The dashed vertical lines are the mean BI values averaged over the 8 m study flume length.  

 

3.4 | Width/depth ratio and bar height 

The growth of vegetation during the experiments tended to erode the channels and 

also to increase the spatially average elevation of the bar surfaces, as shown in 

Figures 13a and 13b. These figures clearly show that the topographic response 

was sensitive to the characteristic length of the plants (i.e., root and stem mean 

lengths). In particular, the taller plants of Stages 3-5 can be linked to greater 

aggradation relative to the condition with no vegetation (i.e., the condition for Lroot = 

Lstem = 0 in Figure 13).   

Regarding the influence of the root depths, (and based also on the previous 

Figure 2b that shows the growth curve for the roots), Figure 13b indicates that 

Stage 1 (Runs 1-4) reported channels depths deeper (∼0.014 m) than the plant 

rooting depth (∼0.005 m, Figure 2b), so that plants could be removed by bank 

undercutting. Stages 2-4 (Runs 5-14) were floods with plant roots (∼0.03 - 0.043 m) 

that were deeper than the channel depth (∼0.015 - 0.021 m), which limited 

vegetation removal during those stages of the experiment. 

 

 



 

 

 

 

Figure 13 Maximum geometric values spatially averaged along the river reach against the 

characteristic plant lengths, for bare conditions (Lroot = Lstem = 0) and during growing vegetation 

(Stages 1-4). a) Bar height against stem length; b) Channel depth against root length. 

 

Figure 14 shows all the reach averaged width-depth curves calculated for 

the sequence of flood events in Flume 1 during each of the five vegetation growth 

stages considered in this study. The agreement between the power law and the 

computed b(D) curves was in general strong in this study, since the determination 

coefficient, R2, was typically larger than 0.93 in all the studied cases, as it is shown 

in Figure 15a. Figure 15 also illustrates that the calculated values of the coefficient 

α increased from 1.3 in unvegetated conditions to 1.5 with the addition of 

vegetation, demonstrating that the presence of vegetation increased the 

topographic variability of the braiding rivers.  

Regarding the impact of the flood magnitude on the topography, Figure 15 

indicates that the low-magnitude floods tended to increase the values of the 

topographic variability measured here by the exponent α relative to the high-

magnitude floods, with a mean value that increased from α = 1.43 to α = 1.49. The 

difference in between high and low floods was observed to be minimum in Stage 3 
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(in which the alfalfa was 14 days old); for those runs the values of coefficient α was 

1.49 and 1.50 for the high and low magnitude floods, respectively.  

The sediment deficit within the supply in two of the low floods, it was 

observed to reduce the value of the coefficient to α = 1.44 (see Figure 15), so that, 

diminishing the impact of vegetation and making those runs to perform comparably 

to a high-magnitude flood event. It is worth noting that Figure 15 summarises the 

impact of both vegetation and flood-magnitude on the morphology. Low-magnitude 

floods lightly increased topographic variability relative to the high-magnitude floods, 

and vegetation also increased it relative to bare conditions, but this impact varied 

based on the vegetation life stage.  

 

 

 

 

 

 

 

 

Figure 14 a) Normalized reach-averaged width-depth curves in Flume 1 for Experiment II. b) 

Computed difference between the high and low flood curves illustrated in a) for each Stage.  
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Figure 15 a) Coefficient of determination (R2) against coefficient of form (α) from the power law 

approximation to the width-depth curves shown in Figure 14a (Experiment II), together with the 

computed values for the runs with no vegetation (Experiment I). Clearly, the addition of vegetation 

increased the value of α, so that, the degree of bed irregularity. The sediment deficit in the floods 

indicated in red reduced the value of α in relation to the small equilibrium floods, making those 

small floods to perform comparably to the high flood events. b) Coefficient α against the scaled 

small and high flood discharge Q*. The trend of the coefficient α to increase for the runs with 

vegetation (in both low and high magnitude floods), suggests the decline of channel confinement by 

vegetation relatively to the condition with no vegetation.   

 

4 | Discussion 

4.1 | Experimental limitations and the role of plant colonisation in the river 

pattern 

The present experiments confirmed sequential changes to river morphology driven 

by flow variability over five different vegetation life stages. Arguably the most 

interesting result shows that the absence of plant colonisation leads to an increase 

in the numbers of channels. In this context, the present work can be contrasted to 

Tal & Paola’s experiments (2010) in which their rivers transitioned from braided to 

A B 



a single-thread channel. Tal & Paola’s experiments were conducted in a flume 16 

m long and 2 m wide, with a bed slope and Froude and Reynolds numbers in the 

same range than the present experiments. However, by allowing vegetation 

colonisation (or pre-flooding seeding) during the cycle of seeding-growth-flooding-

seeding, the riparian plants played a major role in reducing the number of channels 

which contrasts with the present results. In Tal & Paola’s experiments flood 

frequency seemed not to be relevant on the trends of river morphology, and the 

impact of flow variability was not addressed by the authors. In nature, however, 

flood frequency still might impact the young vegetation and colonisation between 

flood events might not take place, as it was reported in Gurnell & Petts, (2006) and 

Crouzy et al. (2012). The present results address this condition: the impact on 

braided morphologies due to flow variability in situations where colonisation might 

be restricted by different factors like vegetation removal, prolonged droughts or 

inundation above the plant’s tolerance. Following the up-scaling denoted in section 

2.3, the floods that were investigated in this study did not model extreme events, 

but were focused on events with return periods of 2-5 years that may be related to 

the absence of plant colonisation due to the frequency of the floods. 

 A better understanding of the impact of short-term flow variability on 

channel-vegetation interactions is necessary in modelling studies to evaluate the 

effect of temporal ordering of frequent hydrologic events, which would control river 

systems on timescales up to decades in length. In this regard, Baynes et al. (2018) 

highlighted that timescales of years to decades are critical to understand climate 

change impacts on riverine systems and managing adaptation to climate change. 

At these timescales, and without any significant anthropogenic impacts, the 



average bed profile of natural rivers is likely to be in quasi equilibrium, i.e. the 

mean elevation of the active bed does not experience significant temporal 

variations (e.g. Pittaluga et al., 2014). In this respect, the experimental setting 

described in this work refers to this situation, as the sediment loads for the inflows 

were initially calibrated to keep the initial bed slope of 0.015 m/m constant 

throughout the experiments. Therefore, with the experiments designed to have the 

river bed slope set to a constant slope during bared bed conditions, the 

morphological changes due to flood sequence were constrained to the channel-

geometry variations and their interaction with the riparian vegetation.  

Five different vegetation scenarios (stages) were studied based on the 

different life phases (and strength) of the vegetation allowed in the experiments. 

The young, pioneer vegetation in Stage 1 characterized a high stem density (~1 

seed/cm2) and a network of dense, short roots. During this stage, the impacts of 

flood sequence on the number of channels compared well with the observations on 

bared bed conditions of Experiment I. Therefore, this stage was geomorphological, 

with the young vegetation unable to take control on the morphology and highly 

exposed to erosion processes as suggested by the erosion volumes in Figure 7. 

Hence, by the end of this first stage, all vegetation cover had been removed by the 

floods (Figure 5). Also, bedload sediment transport reached a maximum value 

during Stage 1 (Figure 8). During Stages 2-4, the influence of the vegetation cover 

on the morphology increased from minimum to maximum, this clearly revealed by 

the decrease of cross-section changes (Figure 10) and mobility of channels (Figure 

11), until vegetation started to die back in Stage 5 to simulate drought conditions. 

During this last stage, the rivers showed a trend to behave similarly than in Stage 



1, particularly with same amount of bedload delivered by the rivers (Figure 8) and 

comparable bed irregularity (Figure 4).  

All sediment in these experiments was transported as bed load and results 

should be applicable in rivers where suspended sediment is negligible. Also, 

results presented here are for rivers with a slope of 1.5%. Millar (2000) suggests 

that such rivers are likely to remain braided, irrespective of the riparian vegetation. 

Indeed, based on the diagram derived from the model proposed by Millar (2000), 

for the diameter of the bed sediment (0.45 mm) and flow rates (2-3 L/s) used in the 

present experiments, a change in the pattern due to vegetation colonisation is only 

likely for gradients less than 1%. The trend of the number of channels to increase 

in presence of vegetation observed in the present study not necessarily reflects the 

impact of the high bed gradient. In this regard, the experiments carried out by Tal & 

Paola (2010) used an initial slope of 1.5% (and similar sediment diameter and flow 

magnitudes than the present study), and the authors reported in their experiments 

that vegetation colonisation discouraged the coexistence of multiple channels even 

the bed slope was 1.5%. As mentioned above, the present results differ from the 

Tal & Paola’s experiments (2010) which allowed vegetation colonisation (Tveg / 

Tflood < 1) and the number of channels decreased as the river evolved into a single-

thread system. This study that modelled the opposite case (Tveg / Tflood > 1) finds 

more likely support in the experiments from Coulthard (2005), who planted isolated 

and large, mature plants (vegetation colonisation was not considered) to split the 

flow and increase the braid index. Flow diversion will encourage the development 

of new channels and topographic irregularity, particularly during low floods, as in 



these events plant submergence was relatively smaller in the present experiments 

and plants acting as an obstruction trended to increase.  

Hence, the transition from a braided to a single-thread channel seems to be 

intrinsically linked to the dynamics nature of plant colonisation that might occur 

then when Tveg / Tflood < 1 (i.e. lack of disturbance for the vegetation). But even in 

periods during which no floods may occur, riparian plants could be sensitive to 

drought and depth to water table, affecting this availability of moisture on the 

surface and so that, the colonisation by vegetation. This condition has been 

reported in the Tagliamento river (Gurnell et al., 2001). The river slope of 1.5% 

used here and in the Tal & Paola’s experiments (2010) did not modified the 

capacity of the colonisation condition (present or absent) to influence the river 

pattern, and in both experiments was evident the stabilizing role of vegetation. 

Lastly, although the approach used in this study to compute channels differs from 

the methodology used in Tal & Paola (2010, i.e. dye release and direct 

observation), the trend of the river to increase the number of channels instead to 

evolve to a single-tread river was by far observable.  

 

4.2 | Effects of fluctuating discharge and plant life cycle  

For the bare condition of Experiment I, the river braiding adjusted to the variable 

discharge by alternating the number of channels in about ±2. With the addition of 

the plants (Experiment II), results showed that braiding increased, but the 

susceptibility of the channels to flood magnitude varied with the growth stage of the 

alfalfa.  



During Stage 1, typified by the initial plant life stage (and with root depths 

that were substantially less than the channel depths), the number of channels 

fluctuated (in ±2) between defined values established by the magnitude of the flood 

flows. Following Corenblit et al.’s biogeomorphic succession concept (2007), this 

first stage can be characterised as the geomorphological stage in which the 

pioneer vegetation is still unable to influence the river pattern. Then, as the plants 

grew larger (i.e., Stages 2-4), the effect of flow variability on river pattern was less 

perceptible as the vegetation was capable of stabilizing the river banks, reducing 

the rate of mobility of the channels in those areas covered by vegetation (Figures 

10 and 11). In these stages of the experiment that can be characterized as the bio-

geomorphological stages, the influence of the plants on the morphology increased 

from minimum to maximum as the vegetation grew older from Stage 2 to Stage 4. 

Additionally, by likening Figures 8 and 11 it was observed that limitations in 

channel mobility due to the increased plant strength reached the maximum value in 

Stage 3 (with a bed topography covariance of about 0.4), in agreement with the 

lower amount of sediment being delivered by the system. In this context, as reach-

averaged aggradation rates remained nearly constant during the experiments (see 

Figure 7), it is suggested that the varying bedload transport shown in Figure 8 was 

controlled by the role of vegetation in stabilizing the morphology and in inhibiting 

the migration of channels, and not just by the role of the plants in enhancing 

sedimentation. In this regard, as the above-ground biomass is linked to a decrease 

of flow velocities and channel migration, it is difficult to infer if the above- or below-

ground biomass played a more significant role in the delivery of the sediment at the 

reach scale in the experiments.  



In particular, it has been show that after adding vegetation the channel 

depths slightly increased during the experiment (Figure 13b), and that the root 

lengths being deeper than channel depths (Stages 2-4) resulted in minimum 

mobility of the channels (Figure 11). However, In the field, particularly in moister 

environments, roots may be denser near the surface without a need to access to 

deep water tables (Holloway et al., 2017), what may result in a decrease of 

stabilization by vegetation. 

During the Stage 4 of the experiments, the area covered by the vegetation 

remained similar to the previous stage (~50% of the total river area); however, the 

sediment delivered by the system slightly increased (~12%) in comparison to the 

previous Stage 3. As the local scour depths along the rivers attained maximum 

values in Stage 4, with holes ~2 times of the depths computed in the previous 

stage, it is suggested that the source of the increment of the sediment delivered at 

the downstream end of the rivers in Stage 4 was because the scour holes. It is 

worth of note that this increase in local scour in the later stages may not only be 

related to vegetation strength. It could also be related to longer term adjustments of 

the channel to its vegetated condition, regardless of vegetation characteristics (e.g. 

Hupp & Bornette, 2014).  

The present work also point to the importance of the frequency of floods in 

influencing the successional Corenblit et al.’s biogeomorphic stages. With a high 

frequency of hydrologic events, the succession may be interrupted by floods 

maintaining just a young vegetation stage in the river, like Stage 1 in the 

experiments. As hydrologic disturbances are less frequent, the succession might 

have the opportunity to proceed beyond the initial stage and persist to old growth 



stages (Stages 2-4). Further, the circumstance that in Stage 5 (decaying 

vegetation) the number of channels and sediment delivered downstream by the 

rivers were similar than in Stage 1 with the young vegetation, it could be linked to 

the resetting capacity of decaying vegetation. Colonisation by vegetation is not 

easily reversible and it could have long-term effects, but the modelling of drought 

conditions to the end of the experiments illustrated the significant role that 

decaying vegetation can have in resetting the river pattern (lack of stabilizing effect 

and with dried plants acting also as obstacles to the flow, facilitating channel 

development). Further, Stage 5 point to the role that decaying vegetation may have 

in the re-initialization of the succession, and so that, the influence that arid or 

humid environments may have in the reversibility of vegetation development.    

Overall, and for all the five plant’s life stages that were modeled here, 

vegetation typically leaded to an increase in the degree of braiding and mean 

height of the bars (Figure 13a), deeper channels and scour holes (Figures 9 and 

13b) and to a reduction of channel mobility (Figure 11), relatively to the 

unvegetated experiment. However, the influence of flow magnitude decreased as 

vegetation strength augmented, to increase again in presence of dried vegetation.  

 

4.3 | Effects of low-bedload (deficit) floods  

The limitation of sediment supply within the inflow (reduced to 20% of the 

equilibrium sediment load) that was used in a few selected floods during the 

present experiments, modelled that case in nature where a large flood removes 

sediment from the bed, so that the following small flood has a deficit in sediment. 

During these deficit flood events the river responded by slightly reducing the 



number of channels, with some flow paths being abandoned. This trend was 

reflected by the decrease in topographic regularity values measured by the 

coefficient α during the deficit floods as shown by Figure 15. Although these low-

bedload flows were low magnitude flood events, they presented the same values of 

α as the high magnitude events. This observation suggests that the feedbacks 

between bed morphology and vegetation might be stronger in floods with bedload 

discharges close to equilibrium. Further, in presence of riparian vegetation it is 

expected that flow resistance will not remain constant as discharge changes. An 

increase in the discharge during the high floods will lead to a decrease in flow 

resistance for the same plant size. A deficit in bed load within the floods might also 

cause a decrease in the shear velocity and hence decreasing flow resistance in 

those flows, as mentioned by Ma & Huang (2016). Thus, the low-magnitude deficit 

flood in this study would be expected to act similarly than the high-magnitude 

equilibrium flood event, as was shown in the results.  

The trend in re-establishing the state of dynamic equilibrium (i.e., with the 

longitudinal bed profile settled around the equilibrium bed slope of 0.015 m/m) 

modified by previous deficit flood events indicated that effects of such occasional 

perturbations on the sediment load were smoothed out by the following equilibrium 

flood, and so that, in the long term. This might be not true when a deficit flood is 

followed immediately by further deficit flood events, causing a greater impact and 

effectively a reduction in the equilibrium slope, and therefore channel incision and 

reduction in the effective width of the system. Deeper channels (higher banks due 

to incision) will also likely to reduce the lateral channel mobility. Further, the 

presence vegetation during the deficit flood in Run 13 suggested that mature plants 



might lead to greater scour depths, and without a period of recovery, might induce 

irreversible changes in the long-term morphodynamic development of the river.  

Finally, the sediment storage behind vegetation only declined in two 

occasions: during the few arbitrary deficit floods and during the drought conditions 

to the end of the experiment (Stage 5). In the first scenario, the low-bedload floods 

notably removed the sediment stored behind the vegetation patches denoting the 

impact of the absence of plant colonisation. Therefore, without the advance of the 

plants between floods and thus, the re-colonisation of the stored sediment, the 

deposits were not protected by the flexible aboveground biomass or by the root 

system, and the sediment stored by previous floods was easily removed by the 

deficit floods (Figure 4). Second, in the drying scenario of Stage 5, the dried plants 

facilitated the liberation of the excess sediment, locally aggraded behind the 

vegetation, and leaded to an increase in the sediment being delivered at the 

downstream end of the rivers. Hence, deficit floods or floods following an extended 

drought with stressed vegetation might generate an oversupply of sediment to 

downstream river reaches.   

 

5 | Conclusions 

This paper has presented experimental data detailing the changes to the river 

morphodynamics due to short-term flow variability over different riparian vegetation   

life stages. Three principal conclusions can be drawn from this work:  

1. The presence of vegetation, in absence of plant colonisation, leads to an 

increase in the number of channels (BI) and topographic irregularity 

(computed by the coefficient α) relative to the unvegetated condition. 



This enhancement of channel development by the vegetation is most 

noticeable during the low-magnitude flood events (higher relative 

submergence) due to the braidplain vegetation diverting the flow. This 

increase in the number of channels is accompanied by a declining trend 

in the degree of confinement by vegetation.  

2. The vegetation life stages play a major role in controlling the impact of 

the introduced hydrograph on channel morphodynamics. Changes in 

morphology are more sensitive to flow variability in the presence of 

younger stage vegetation (in which rooting depths are substantially less 

than channel depths, i.e., Stage 1) and also when vegetation is in decay 

(during drought conditions in Stage 5). As the vegetation grows (Stages 

2-4), changes in channel morphology (number of channels) are less 

sensitive and less dependent on flow magnitude. In this context, as 

smaller flood events are less likely to remove vegetation (in particular, 

during Stage 1 with the pioneer vegetation), smaller flood events that 

precede larger events will have lower velocities and would be expected 

to produce less erosion than if the same smaller flood event followed a 

high-magnitude event. It is therefore concluded that flood sequencing 

can be an important driver of geomorphic change depending on the 

vegetation cycles and should be consider in modelling efforts. 

3. Deficit floods (floods with low bed load discharge rates), reduce the 

interaction between plants and morphology, and cause smaller 

magnitude flood events to produce channel changes that are comparable 

to larger flood events with equilibrium bed load discharge rates.  



This study advances the understanding of river-vegetation interactions under flow 

variability (flood sequencing) in order to be able to produce more accurate long-

term (decade scale) modelling of the process-response of braiding systems to a 

raise in the frequency of hydrologic events. 
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