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Key Points 
• Pre-regulation catchment trajectories may alter the response of the riverbanks after regulation, and so 

should be accounted for when planning reservoir release strategies. 
• The term ‘drawdown failure’ is a poor descriptor of mass failures, and not useful for management.  It is 

better to describe the actual erosion process and consider how regulation will alter this process.  
• Returning natural flows to a channel altered by regulation will not necessarily return natural erosion rates. 
 

Abstract 
Riverbank erosion downstream of reservoirs, in the form of mass failures, has been attributed in many situations 
to the rate of regulated flow drawdown simply because the failures are observed after a release.  There are a 
multitude of factors, other than how flows are managed, that can cause, or at least exacerbate bank erosion in 
regulated rivers.  This paper outlines a framework that can be used to assess the effect of flow regulation on 
riverbank erosion rates and processes.  The first step is to evaluate the trajectory of the stream pre reservoir by 
looking at how both anthropogenic and non-anthropogenic drivers have pre-conditioned the channel.  This 
includes factors that will influence the sediment yield and hydrology of the channel such as:  catchment 
topography; geology; climate; land clearance; and, in-stream mining.  Step two is to assess the geomorphic 
trajectory change resulting from the presence and operation of the reservoir. The position of the reservoir in the 
catchment, its volume relative to the upstream channel, the modes of operation and sediment trapping 
efficiency will all influence the already modified channel downstream.  This can: amplify incision or aggradation; 
reverse these processes; stall channel change; or result in a complex response of all of these.  The third step is to 
identify the existing erosion processes operating in the channel.  The final step is to assess the consequences of 
the dam release strategies on the system.  For example, evidence of bank toe scour relative to baseflow 
provisions and the rate of drawdown compared to the rate of exfiltration.  This framework assists in attributing 
the extent of bank erosion relative to flow operation strategies and provides a basis for managing flow deliveries 
to achieve an acceptable rate of bank erosion. 
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Introduction 
Reservoirs have been found to alter the boundary conditions of river channels both up and downstream (Petts 
1984).  Changing the river continuum by blocking sediment behind the dam wall can result in an increase in 
erosion of both bed and banks downstream, described as clearwater scour.  The operational requirements of the 
reservoir may also alter the length of time the riverbank is inundated, and therefore subject to fluvial 
entrainment.  The rate of entrainment may be increased if the duration of inundation causes vegetation death.  
The rate of falling stage from the regulated flows may also influence the timing and extent of mass failures, 
sometimes referred to as drawdown failures (Green 1999).  Whilst a reservoir may have a fixed purpose, or a 
mixed set of requirements, such as water supply, power generation, and flood mitigation there may be room to 
alter the release strategy to reduce geomorphic impacts downstream.   

General models of river channel development may be useful to optimize dam release strategies.  General 
principles, such as the balance of sediment size and stream slope (Lane 1955), are good starting points for 
predicting the influence of anthropogenic alterations to a river system.  The two extremes for management of 
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river systems are to consider either: 1) that all river systems will respond in the same way, or 2) that every river 
system is unique (Schumm 1991).  The assumption of uniform response may result in the miss-diagnosis of river 
channel trajectories of change.  The other end of the spectrum would require detailed studies on each river, an 
expense both financially and logistically.  Frequently generic models of change are applied for geomorphological 
applications, such as the trajectory of a river system after regulation (Petts & Gurnell 2005).   

The current situation in Australia, with decreased funding in the river sector, means that managers are 
increasingly being asked to deliver outcomes without appropriate staffing or external support.   This paper 
outlines a framework (Figure 1) to optimize the outcomes for river systems with existing dams with limited 
understanding of their geomorphic processes.  The framework may appear arduous in terms of the amount of 
data needed; however, it should be viewed as a guide for the collation of existing data.  The strength of any 
conclusions can then be contextualized based on the presence or absence of data.  

 

 

Figure 1. A framework for investigating the effects of reservoirs on downstream riverbank erosion. 

Step 1: Evaluate the initial pre-reservoir geomorphic trajectory of the stream. 

Rationale 
An understanding of how both anthropogenic and non-anthropogenic drivers have pre-conditioned the channel 
allow subsequent changes in sediment yield and hydrology to be evaluated.  These preconditioning factors may 
include the natural state of the catchment determined by geology and climate, and changes from land-clearance 
and levee construction (Figure 1).  Changes in a river, with respect to channel dimensions; planform; erosion 
processes and instream morphology may all occur as a consequence of dam construction (Petts & Gurnell 2005).  
These variables should be considered with a consideration of the fact that the channel may have previously been 
altered from its reference state of dynamic equilibrium into a new threshold condition (Schumm 1974).  
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Catchment vegetation clearance, for example, can increase channel runoff producing higher discharges that may 
widen and/or straighten the channel (Siriwarden et al. 2006).    

Method 
Review pre-regulation data records, especially those that allow comparisons with contemporary data.  These 
may include BOM data on hydrology and climate alongside GeoFabric data on geology, topography, soils, 
landuse.  These data can be used alongside IQQM (Simons et al. 1996) data of pre-regulation flows, maps and 
photographs of the channel.  The outcome should be a collation of Anthropogenic and Non-anthropogenic 
drivers of channel change (Figure 1).  

Step 2: Assess the change in the geomorphic trajectory caused by the imposition of the 
reservoir.  

Rationale  
The position of the reservoir in the catchment, its size, mode of operation and sediment trapping efficiency all 
influence the already modified channel downstream. The channel may be altered in different ways because of 
downstream trends of sediment and discharge in a catchment, and so the position of the reservoir and reach of 
concern in relation to the catchment long profile and each other need to be considered.  There are a number of 
possible options of how preconditioning may alter the geomorphic effects of regulation: 

No-change 
The channel may be very resilient to change, so the modifications from the reservoir are minor relative to the 
pre-existing hydrological and sediment regimes (Davis et al. 1999), or the pre-conditioning may have been so 
major that that reservoir disturbance is minor relative to these other changes.    

Amplification of change 
If the catchment is already on a trajectory of incision or aggradation the reservoir may increase the rate of 
change. 

Slowed change 
The reservoir releases may slow the pre-existing trajectory of the channel, such as by reducing the number of 
high flows.  This may cause the channel to take longer to attain a new state of dynamic equilibrium. 

Reversal of change 
Gordon and Meentemeyer (2006) found that in the Dry Creek, California the land-use change before the 
reservoir construction was causing widening of the river channel.  This was subsequently reversed after 
regulation, to channel narrowing and incision due to the decreased competence of reservoir releases. 

Complex response 
The channel may not respond to regulation uniformly in space and time (Benn & Erskine 1994).  Petts and 
Gurnell (2005) outline a transient state during which the channel tries to adjust to the altered inputs of sediment 
and/or discharge. The number, size and position of tributary inputs may also alter the rate and distance of any 
channel alteration. An example of this is that tributary junctions can cause the valley slope to alternate between 
incision and aggradation, and so a stepped long-profile results. 
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Method 
The main premise of this step is to compare any changes in the channel subsequent to building a reservoir with 
the condition of the channel beforehand.  The most useful datasets for this analysis are sequential cross-sections 
of the channel.  Unfortunately these are rarely available, and when they are, they may not be representative of 
the channel, for example at gauging station.  Alternatively, comparisons can be made between maps and photos 
of the channel before and after regulation.  Changes in width, depth and bedform can be evaluated and then 
compared against a generic model of channel change subsequent to regulation. 

Step 3: Identify existing riverbank erosion processes operating in the channel. 

Rationale 
The erosion processes that are currently operating provide an indication of how the channel is responding to its 
current ‘Channel state’ (Figure 1), and can be used as a baseline dataset for future comparison.  A changed 
channel trajectory leading to bed aggradation or degradation is likely to alter the rate and processes of riverbank 
erosion (Table 1). 

Method 
Mass failures, subsequent to regulation, have been attributed to the rate of fall (drawdown) of river stage on the 
recessional limb of the hydrograph.  Green (1999) reviewed the literature on failures due to drawdown and 
found an inconsistent set of processes and descriptions of what constituted a drawdown failure.  It is 
recommended that this term not be used to describe the erosion process, instead use a combination of the 
position and morphology of failure blocks alongside the scar left by the failure (Table 1) (Grove et al. 2013).  
Using these descriptors to understand the processes then allows the effect of the rate of drawdown to be 
assessed.  The documentation of existing processes can be based on a rapid assessment methodology, such as 
that described by Thorne (1999).  It is recommended that a clearer baseline dataset of erosion processes, their 
relative volumes, and spatial positions be obtained by comparing sequential LiDAR datasets.  

Step 4: Assess the consequences of dam release strategies on the riverbank erosion 
processes.  

Rationale 
The consequences of regulation on riverbank erosion may be a result of changes in rates, spatial extent, process 
types or a combination of all of these. Green (1999) suggests in order to maintain a rate of erosion closer to a 
reference state that drawdown rates should mirror pre-regulation rates.  The implicit assumptions are that the 
channel geometry and sedimentology have stayed the same since regulation.  Many of the geomorphic 
outcomes of regulation mean that this may not be the case.  Understanding the pre-conditioning of the channel 
and subsequent changes from regulation allow some forecasting of erosion.  Reviewing the existing erosional 
processes means that the susceptibility of the channel to rapid drawdown, or prolonged flows can be assessed.  
If erosional processes appear to be triggered by the rate of drawdown then adaptive management could be used 
to seek an appropriate rate of drawdown, or the soil moisture monitored in the riparian zone to find a rate of 
stage decline that matches the rate of bank drainage. 

Method 
Each reservoir will have a range of operational constraints.   Working within these constraints a release strategy 
can be determined based on the probability of future channel incision, widening, aggradation or the fact the 
channel may be in a very stable state.  The effects of release strategies should be determined both in terms of 
the current erosion processes in the channel and the likely changes to channel form and the processes that may 
result from this (Table 1).   
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Conclusions 
To be able to understand the difference dam operations make, in terms of rates and processes of riverbank 
erosion, the optimal approach is to compare data pre and post regulation. In the absence of pre-regulation rates 
an alternative is to apply contemporary rates of erosion found on other similar river systems.  In terms of 
riverbank erosion measurements in Australia that can be used referentially there are relatively few published 
papers that report rates, catchment area, and erosion processes.  A review by the authors found 16 papers and 
reports.  Historic rates and processes of erosion are even scarcer.  In the absence of both historic and 
contemporary reference values it is suggested that a clear framework, such as outlined in this paper, be used 
rather than directly applying a generic model that may well be developed from a region in a different hydro-
geomorphological zone.  The collation of available data enables knowledge gaps to be identified, and where data 
does exist there may be less reliance on conceptual or empirically modelled data.  Based on the available data 
either confidence may be placed in the application of a generic model of channel change e.g. Simon 1989, or a 
new conceptual model of channel change may be developed.  Using the appropriate model of channel trajectory 
the impacts of catchment disturbances can be compared against options for reservoir release strategies to 
produce an optimal geomorphic outcome for the system.  
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Table 1. The consequences of regulation on bank erosion processes. 
Failure Process Description Consequences of flow 

regulation 
Consequences of bed 
degradation 

Consequences of bed 
aggradation 

Sub-aerial 
Couper & 
Maddock 2001 

The removal of 
riverbank material that 
is exposed to the air, 
this may be by wetting 
and drying cycles or by 
ice heave. 

Flow reduction may expose the 
banks for longer periods and 
provide a longer period for 
desiccation (extreme drying).  
The pulsing of flows will also 
increase the number of wetting 
and drying cycles that may also 
decrease the sediment shear 
strength. 

A larger bank surface 
area provides the 
potential for increased 
volumes of sub-aerial 
erosion. 

More frequent inundation 
potential, processes that 
rely on wetting and 
drying cycles may be 
increased.  The area and 
time for desiccation may 
be reduced. 

Fluvial 
Entrainment  
Grissinger, 1982 

The erosion of 
sediment when the 
shear stress of water is 
higher than the shear 
strength of the 
sediment.  The strength 
of the sediment 
isaffected by its size, 
percentage clay, 
packing, and layering.  

Longer periods of high flows 
may lead to increased fluvial 
entrainment.   
A reduction in peak flow 
magnitude and frequency may 
reduce the amount of 
entrainment.   

Flow kept in-channel for 
longer periods of time, so 
flows may become more 
erosive.   

Flow variability could 
result in aggradation for 
years with lower flows 
only to increase the 
amount of sediment 
eroded in 
higher/infrequent floods.  
Vegetated sediment may 
increase stability.  
Increased connectivity 
with the floodplain could 
result in scouring of 
floodplain surfaces, 
especially in places of 
flow concentration. 

Cantilever 
Thorne & 
Lewin, 1979; 
Thorne & 
Tovey, 1981; 
Rinaldi & 
Casagli, 1999  

The failure of the upper 
layer of the riverbank 
due to undercutting of 
the basal bank.  
Undercutting usually 
occurs due to fluvial 
entrainment.  

A constant stage over a long 
duration may preferentially 
erode the lower bank, 
increasing cantilever 
likelihood.  Longer durations of 
dry or baseflow conditions 
could result in differential 
drying of the bank surface, 
causing a more resistant/hard 
upper bank and an eroded 
lower bank.   

If the channel incises 
then the flows may spend 
longer in-channel and 
erode below the bankfull 
level, causing more 
cantilever development 
until a new equilibrium 
state is met.   

Reduced likelihood of 
failure. 

Planar/Slab/ 
Wedge 
Osman & 
Thorne, 1988; 
Darby et al. 
2000 

A steep bank face (>60 
0) may develop a 
failure plane, often 
assisted by tension 
cracking on the bank 
surface, leading to 
blocks of sediment 
collapsing into the 
channel 

Longer periods at baseflow 
could lead to more basal fluvial 
entrainment of the bank, 
causing oversteepening.  A 
long period at high stages, 
causing basal entrainment 
followed by a rapid drawdown 
could trigger these failures.   

The increase in bank 
height, due to bed 
incision, may take the 
bank above the factor of 
safety and cause more 
failures (Simon, 1989). 

Reduced likelihood of 
failure. 

Slaking 
Thorne 1982 

The trapping of air by 
rising water on a 
previously dry 
riverbank can cause the 
peds to be forced off 
the bank surface. 

Longer dry intervals followed 
by rapidly rising flows in 
summer months could increase 
this failure type. 

A larger bank area would 
be available for these to 
occur over.   

Reduced likelihood of 
failure. 
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Table 1 continued 
Failure Process Description Consequences of flow 

regulation 
Consequences of bed 
degradation 

Consequences of bed 
aggradation 

Pop-out 
Dapporto et al. 
2003 

Undercutting at the 
base of the bank by a 
preferential flow path, 
such as a sand lens, 
causing a block to 
collapse from the lower 
bank leaving an alcove 
shape and an overhang.  

Rapid drawdown and/or a long 
period of inundation would 
increase the rate of these 
failures. 

Higher banks would 
increase the potential 
energy of water in the 
bank on drawdown.  This 
could result in higher 
shear stress by 
exfiltration. Depending 
on the position of 
seepage layers there 
could be a higher 
potential for these 
failures to occur, 
especially on rapid 
drawdown. 

Reduced likelihood of 
failure. 

Piping 
Haggerty 1991 

The discrete removal of 
sediment by water 
exfiltrating through the 
riverbank leaving pipe 
holes on the riverbank 
surface.  

The longer that the bank is 
under water the greater the 
potential for these failures to 
occur on the recession limb of 
the hydrograph. 

Sapping 
Hagerty 1991 

A more extensive form 
of piping where layers 
of sandier sediment 
provide preferential 
flow paths that result in 
the removal of layers 
of sediment, leaving 
indentations in the 
bank surface.  

Longer periods at a high stage 
will result in a greater potential 
for high pore water pressures 
and failure.   

Shallow slide/ 
Translational 
Thorne 1982 

Lower sloped banks 
(<60o) may fail by 
surface sediment 
moving along a failure 
plane at a shallow 
angle, resulting in a 
large block of sediment 
moving downslope.  

As for pop-out failures Incision would result in a 
steeper bank profile, 
initially failures could 
increase, then change to 
planar failures.   

Possible increase, 
depending on the length 
of time submerged in 
high flow events, 
increased likelihood if 
the bank is high and 
steep enough.  

Rotational  
Selby 1982 

A riverbank with a 
gently sloping high 
bank can develop a 
rotational failure plane.  
The failure of the bank 
causes a block to rotate 
resulting in a top 
surface that slopes 
towards the floodplain.   

These failures occur on 
long low slope banks, 
and so incision will 
probably cause a 
transition to a steep mode 
of failure, such as planar. 

Wet flow   
Grove et al. 
2013 

The collapse of 
riverbank sediment in 
an incoherent sediment 
flow that does not 
leave a failure block.  
Exfilitrating bank 
water on the receding 
limb may saturate the 
riverbank reducing 
shear strength. 

As for pop-out failures. 
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