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Abstract 
�

The effect of climate on the fluvial system has long been investigated due the significant 

impact it can have on a river’s hydrological regime and fluvial processes.  In recent years 

this interest has increased as global changes in climate are expected to bring more 

frequent high magnitude flood events globally and to North West Europe in particular. 

Despite the knowledge that the frequency and magnitude of floods is to increase, less is 

known about the geomorphological implications of this for river channels and where 

channel instability is likely to occur at both the river network and national scale. This is 

certainly the case in Scotland where increased flooding is expected and large floods have 

been abundant over the last two decades. To manage Scottish river catchments effectively 

in the future, in terms of hazard mitigation and nature conservation, river managers need 

to be able to predict not only how climate will impact flood magnitude and frequency in 

Scotland but the effect these changes will have on the internal dynamics of river channels 

in terms of erosion, sediment transport and deposition, and morphological dynamics. 

Such knowledge will ensure adequate measures are implemented to reduce fluvial risks 

to humans and to maintain and preserve valuable river habitats and linked species. 

In this thesis, several novel methods incorporating field, laboratory and GIS-based 

analysis, have been investigated as a means of predicting how climate change will affect 

channel stability in Scottish rivers and the implications of this for river management and 

river ecology.  This includes (i) analysing the potential change in the frequency of 

geomorphologically-active flood flows with climate change; (ii) the use of stream power 

thresholds to predict changes in channel stability on a national scale with climate change; 

and (iii) using a Digital River Network developed using geospatial data to predict changes 

in the rate of bedload transfer and channel stability with climate change.  Studies were 

undertaken on 13 different rivers across Scotland from north to south and east to west.  



����
�

As a case study of ecological implications, the thesis also examines how changes in 

habitat and stability of freshwater pearl mussels (Margaritifera margaritifera) may be 

altered by increased flooding.  Predictions of the frequency of geomorphic activity, 

channel stability, rate of bedload transfer, and the stability of freshwater pearl mussel 

habitat with climate change are discussed along with the methods used to obtain these 

outcomes.  

 

The results all suggest an increase in the frequency and rate at which bedload is 

transferred through the river system and an increased frequency of flood flows resulting 

in greater channel instability.  Morphological responses vary spatially with some river 

reaches experiencing greater increased erosion and transport potential than others.  

Climate change effects on the freshwater pearl mussel are: increased occasions of 

disturbance and transport downstream and the importance of specific populations in more 

stable environments for ensuring population recovery post flooding is highlighted.  It is 

hoped that the methodologies developed for predicting changes in channel stability with 

climate change will provide useful screening tools to regulatory agencies which can be 

developed further to assist management decisions in the future which aim to reduce fluvial 

hazards and maintain good quality river environments for the species that inhabit it. The 

approaches used in this study allow for the identification of areas at high risk of 

morphological and ecological change, and the pro-active planning and management of 

sediment-related river management issues and nature conservation. 
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CHAPTER 1 

Introduction: Flooding, Channel Stability and Climate 
Change 

 
 

1.1 FLOODING IN SCOTLAND 
 

Flood events across the UK in 2016 have highlighted once again their devastating effects.  

These events not only cause the significant social and economic costs that are primarily 

reported about in the news but also have considerable geomorphic and ecological 

consequences for the river itself.  In Scotland on average, damage to businesses, homes 

and agriculture due to flooding costs an estimated £720-£850 million annually (Scottish 

Government, 2013) as well as incoming considerable stress and anxiety to those directly 

affected.  Meanwhile within the river environment itself, extreme floods provide the river 

with more power to erode and transfer sediment often resulting in significant changes in 

channel morphology in terms of its shape and geometry.  During the ‘Storm Frank’ 

flooding in January (2016) the local residences of Deeside witnessed a change in river 

geometry first hand when the River Dee’s channel width increased so drastically that a 

section of the A90, the main road connecting Ballater and Braemar, was washed away 

and Abergeldie Castle, which has resided on the banks of the River Dee for 466 years, 

very nearly crumbled into the river.  These changes in channel morphology benefit river 

biota by creating new habitats and cleansing the river bed by removing unwanted silts 

and macrophyte (Resh et al., 1988, Bunn and Arthington, 2002). However, changes in 

channel morphology can negatively affect river biota by directly killing or displacing the 

species or significantly altering habitat structure, which can disturb breeding and 

encourage the invasion and spread of new species (Gordon et al., 1992; Bunn and 

Arthington, 2002).  Declines in freshwater pearl mussel populations on the River Kerry 
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following a 1:100 year flood provides a good example of this (Hastie et al., 2001).  

Around 50,000 (4-8% population) mussels were killed due to becoming stranded on 

banks, being crushed or damaged by mobile bedload or being washed out to sea, in 

addition to considerable scouring of previously favourable habitats (Hastie et al., 2001).  

In recent years there has been a move towards natural flood management (NFM) in order 

to try and reduce the social and economic costs of flooding while at the same time 

improving the river environment for aquatic ecology (Forbes et al., 2015).  NFM involves 

using more sustainable softer engineering practices aimed at holding flood waters in the 

upper catchment for longer and slowing down the speed at which flood water reaches the 

lower catchment which tend to have higher population densities.  Methods currently used 

in natural flood management to mitigate against floods include afforestation, improved 

riparian vegetation, channel re-meandering and greater floodplain inundation. However, 

how these practices hold up within an environment with a changing climate is yet to be 

witnessed.  

Future changes in climate and flow are likely to present a new challenge to river managers 

and those who live and work along the banks of rivers.  Current predictions (Arnell and 

Reynard, 1996; Cameron, 2006; Wilby et al., 2008) suggest that the frequency and 

magnitude of floods will increase in the future and the occurrence of what we presently 

consider to be an extreme flood could become closer to the norm.  This would increase 

not only the volume of water that the river is required to convey but also the volume of 

sediment, as more sediment is likely to be supplied to the channel from the surrounding 

catchment.  In the UK, it is generally proposed that river channels are on average adjusted 

to convey a 1:2 year flood (although this has been shown to vary between rivers (Harvey, 

1969)) and thus flows greater than this will cause some gross adjustment in channel 

morphology often through erosion of the river bed and banks (Pickup and Rieger, 1979; 
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Andrews, 1980; Carling, 1988; Crowder and Knapp, 2005).  As the magnitude of a 1:2 

year flood, along with flows on either side of this value, is predicted to increase (Werritty 

et al., 2002) many river channels may adjust their morphology to accommodate this 

alteration in the hydrological and sediment regime to allow it to convey the larger 

volumes of water and sediment now associated with a greater flood return interval.   

Previous studies which have investigated longer term evidence of river channel responses 

to climate change have shown changes in channel morphology are linked to major 

hydroclimatic trends which occur in Britain and northwest Europe (McEwen, 1989; 

Macklin et al., 1992; Rumsby and Macklin, 1994; Merrett and Macklin, 1999).  Rumsby 

and Macklin (1994) found that changes in channel incision and stability coincided with 

changes in flood frequency which were associated with different atmospheric circulation 

patterns.  Periods of channel incision occurred under meridional circulation patterns 

bringing a higher frequency of large floods (>20year return interval), whereas zonal 

circulation weather systems increased the frequency of moderate floods (5-20 year return 

interval) which enhanced lateral reworking and sediment transfer in upland channel 

reaches and channel narrowing in lowland channel reaches (Rumsby and Macklin, 1994). 

The response of river channels and individual channel reaches to changes in the 

hydrological and sediment regime of the river will vary depending on their sensitivity to 

change and their proximity to a geomorphic threshold (Brunsden and Thornes, 1979; 

Werritty and Leys, 2001).  An improved ability to predict which reaches within a river 

channel will be the most sensitive to a change in morphology or most likely to become 

unstable due to crossing a geomorphic threshold would provide river managers and policy 

makers with a better understanding of how and where these changes in the hydrological 

regime will have the greatest impact on morphology and ecology (Landres et al., 1999; 

Arthington et al., 2006).  Currently, however little work has been undertaken investigating 
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if the predicted increase in the frequency and magnitude of flooding in the future will i) 

cause Scottish river channels to become unstable and adjust their morphology to convey 

larger volumes of sediment and water and ii) where within a catchment or across Scotland 

these changes in channel morphology will occur.  The ability to do this is important for a 

number of reasons, namely to enable river managers to reduce flood hazards, protect river 

ecology, implement management practices which are sustainable in a changing climate, 

and for European Union (EU) member states to ensure that requirements under the Water 

Framework Directive and Habitat and Species Directive will still be achieved in a 

changing environment.   
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1.2 MORPHOLOGICAL ADJUSTMENT 
 

The potential changes in channel morphology caused by climate change mean fluvial 

geomorphologists have an important role to play in the future management of river 

channels to ensure channel adjustments due to climate change are accounted for and to 

ensure river management strategies implemented are sustainable (Forbes et al., 2015).  

Fluvial geomorphologists aim to find out the cause for sediment related issues and 

potential channel stability caused by different river activities (Sear and Newson, 2010).  

This is often done through interdisciplinary science and by taking a holistic view to ensure 

the interactions across the whole catchment are considered (Sear and Newson, 2010).  

This ability to take an interdisciplinary approach is a valuable fundamental concept and 

the theme of eco-hydromorphology has developed within river science, where the 

importance of the interplay and feedbacks in a river’s hydrological and sediment regimes 

on river ecology is recognised (Vaughan et al., 2009).  The geomorphology of river 

channels links to river ecology as it is responsible for the physical habitat characteristics 

of the channel which are in turn a result of the channels ability to erode, transport and 

deposit sediment, which is controlled by the channel’s hydrological regime.  To allow a 

fluvial geomorphologist to predict how changing land use, climate and river management 

practices may affect river ecology or create fluvial hazards such as flooding they need to 

be able to understand how changes in hydrology and sediment supply affect channel 

morphology.  The River Styles Framework developed by Brierley and Fryirs (2005) is 

one river management approach which recognises and encompasses this link between 

geomorphology and ecology, in order, to predict a river channel’s response to natural or 

human induced disturbance events.  The River Styles Framework outlines a series of steps 

and tools which can be deployed to interrupt and understand the character, behaviour, 

condition and recovery potential of a river reach to provide a solid foundation for making 

management decisions (Brierley and Fryirs, 2000; 2002; Brierley et la., 2011).  By taking 
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this approach, a river management strategy can be developed that works with the natural 

processes within a channel and, in doing so, ensures that the diversity and behaviour of 

the aquatic ecosystem is maintained (Brierley and Fryirs, 2000).  This approach has been 

built on further by Thomson et al., 2001 whereby the River Styles Framework was 

extended to include a habitat assessment procedure to link hydraulic and geomorphology, 

further highlighting the increased importance of linking geomorphology and ecology 

when making and predicting the outcomes of management decisions.       

More traditional approaches to predicting changes in channel morphology are based on 

the classic work of Leopold and Maddock (1953) looking at ‘hydraulic channel 

geometry’.  This approach is based on the concept of ‘regime theory’ where a set of 

empirical equations and power law relations can be used to provide the width, depth and 

slope using input data on channel discharge, velocity and grain size (Knighton, 1998).  

Although originally developed for canals, theses equations have been developed to make 

them applicable to natural channels.  More recently with advances in computing power, 

1D and 2D and cellular automated models have been developed to predict channel change 

not only in the future but also how channels have adjusted and shifted their morphology 

over time scales of up to 10,000 years (Coulthard et al., 2000, 2005).  These models, 

unlike the application of ‘regime theory’ or ‘hydraulic geometry’, attempt to take into 

account the complex interactions and feedbacks that occur within the fluvial system 

between channel shape, flow and sediment transport (Richards and Lane, 2008). One and 

two-dimensional models use a series of equations to route water and in some simulations 

sediment through a reach or to look at the differences between sediment entering and 

leaving channel reaches along a channel (Green, 2006; Thorne et al., 2010).  Due to the 

computing power and data requirements needed to run such models they are often only 

applied to small sections of channel, for example a few 100 metres either side of a section 

of channel where bridge or culvert are to be located.  Cellular models, in contrast simplify 
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some of the more complex sediment and hydraulic equations and use the basic rules of 

physics to route water and sediment through an entire river catchment.  The reduction in 

computing power by doing this allows simulations of channel change over a large range 

of temporal and spatial scales.  Coulthard et al., (2005), for example, showed using the 

cellular model CAESAR that significant differences in bedload transport have occurred 

over time in response to Holocene environmental changes such as climate and land use 

change.  This provides geomorphologists with a new way of looking at channel change 

over longer time scales and aids in the prediction and management of future adjustments 

in channel form by knowing how river channels adjusted historically. 

 

Longer term evidence for looking at the response of river channels to climate change can 

be achieved by using paleo-hydrological techniques (Weil et al., 2010).  Paleo-

hydrological techniques involve the use of historic geomorphic, sedimentological and 

ecological data or alluvial archives to understand channel change and predict future 

changes in channel morphology (Sear and Arnell, 2006).  Macklin and Lewin (2003) for 

example, investigated the sensitivity of British rivers to channel change due to global 

environmental changes using 14C Holocene alluvial units.  Using this technique, it was 

established that global changes in climate and localised changes in land cover were 

reflected in the behaviour of the river system (Macklin and Lewin, 2003).  Other 

techniques include the use of lichenometry, whereby lichen-dated flood deposits are 

evaluated to assess changing flood risk over temporal scales of up to 250 years (Macklin 

and Rumsby, 2007).  The results show that there has been an increasing and decreasing 

occurrence in the magnitude and frequency of extreme flood events in the UK over the 

last 300 years and that the occurrence of extreme upland flooding in UK over the last 200-

300 years is has been associated with a negative North Atlantic Oscillation Index 
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(Macklin and Rumsby, 2007).  Furthermore, Macklin and Rumsby, (2007) showed that 

river-bed levels have correlated with rising temperatures over the last 100 years, 

highlighting further the usefulness of palaeohydrological techniques in understanding the 

response of river’s changing climatic conditions. Further techniques for looking at longer 

term evidence for channel change include the use of historic maps and aerial photographs 

to look for changes in channel geometry and planform (Petts, 1989; Downward et al., 

1994).  McEwen (1994) successfully used historical maps and aerial photographs along 

with a Bausch and Lomb Zoom Transferoscope to map the channel planform of the River 

Coe at different time periods and a Tektronic digitiser to investigate planform adjustment 

on the River Coe in the Scottish Highlands since 1850.   The use of palaeohydrological 

techniques have now also been suggested as having a key role to play in future river 

management by using evidence of what has occurred in the past as an indicator of what 

may occur in the future (Sear and Arnell, 2006).  

Palaeohydrological techniques and many 1D and 2D models require considerable field 

surveying which is often expensive and time consuming.  This can include a full Fluvial 

Audit or Catchment Baseline Study (Thorne et al., 2010) or cross-sectional surveys and 

an analysis of the channel bed.  Recent advances and improved availability of spatial data 

have however opened the door to a different sort of quantitative modelling which builds 

on qualitative field assessments but without being data heavy and time intensive like 

many sediment routing models.  Spatial data can provide river managers with a reliable 

estimate of channel width, channel slope, various flood discharges and channel sinuosity.  

For this reason, many current models use stream power as a means of predicting areas of 

channel instability and whether any change in channel morphology will occur through 

erosion or deposition.  Stream power provides an estimate of the river ability to transfer 

sediment and does not require a depth or velocity value making it easy to calculate using 

spatial data.   Predicting channel change using stream power became increasingly popular 
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in the 1980’s when Andrew Brookes (1987b) showed that adjustments in channel 

morphology by managed channels in England and Wales and Denmark tended to occur 

within set specific stream power band.  Channels with a stream power of less than 10 

Watts s-1 would adjust through deposition, above 35 Watts s-1 adjustment occurred 

through erosion and above 100 Watts s-1  channel shifting would occur (Brookes, 1987b).  

More recently the change in stream power between river reaches has been used to predict 

most dominant geomorphic process occurring (erosion, transport, deposition) within a 

reaches across an entire catchment (Vocal Ferencevic and Ashmore, 2012; Parker et al., 

2015).  These models provide a simple, physically-based and objective tool which is easy 

to use and develop with less time, data and expertise requirements.    

However, as yet work using spatial data to predict how channel stability will change at 

different flood frequencies and also how changes in climate may influence this is more 

limited i.e. at what flood magnitude and frequency does a reach potentially start to adjust 

it morphology.  Furthermore, many models developed do not tend to consider how the 

geomorphic processes occurring within a river affect river ecology, particularly benthic 

species which rely on having a stable river to maintain healthy populations.  At a time 

when the importance of looking at the linkage between ecology, hydrology and 

geomorphology to ensure legislative objectives are achieved has been highlighted as 

essential, the ability of river mangers to screen a river catchment not only for potential 

channel instability but also at what flow different aquatic species become vulnerable and 

how this varies across the catchment could prove a useful tool. 
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1.3 RATIONALE, AIMS AND OBJECTIVES 

1.3.1 Rationale 

Although it is currently well documented that climate change is likely to increase the 

frequency and magnitude of flood flows in many parts or perhaps all of the UK, less work 

has focused on how this will affect channel stability, river ecology, locations within a 

catchment most vulnerable to change and a method to predict this that does not require 

complex knowledge of models and geomorphic processes.  A change in the frequency of 

high flow events could potentially alter the stability and morphology of river channels 

leading to an increase in fluvial hazards and altering of the ecological processes and river 

reach health.  Hey (1982, 1997) outlined nine ways in which a river channel can adjust it 

morphology known as a channel’s degrees of freedom.  These include changes in 

planform (sinuosity), cross-section adjustments (width and depth), slope and bedload load 

grain size.   Therefore, any potential changes in channel stability and morphology need 

to be taken into account and incorporated into future river management schemes to ensure 

the effective implementation of river restoration projects, flood mitigation works and 

species management.  A knowledge of how river channels will respond to an increase in 

the frequency of high flow events is critical in ensuring rivers maintain a good ecological 

status in terms of the EU Water Framework Directive and also in terms of site condition 

monitoring with respect to the EU Habitats and Species Directive.    

1.3.2 Project Development 

The development of this thesis has revolved around the use of the Scottish Environmental 

Protection Agency’s (SEPA) Digital River Network and their ability to predict changes 

is channel stability at the national scale.  Using this approach would allow SEPA to 

understand the advantages and limitations of using the Digital River Network as a means 

of looking national scale changes in channel stability and bedload transfer with different 
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flood return intervals and under climate change.  The data used to develop the 

methodologies used in this thesis to investigate ways of predicting channel change with 

climate change has been largely influenced by the data available from SEPA and Scottish 

National Heritage.  This included the selection of study sites and the range of flood return 

intervals over which changes in bedload transport with climate change were investigated. 

An evaluation of the use of the stream power thresholds devised by Andrew Brookes 

(1987a, b) for managed channels was reviewed as a means for assessing channel stability 

within Scottish rivers because these thresholds are the ones most commonly used by 

SEPA when making management decisions. 

The decision to use the freshwater pearl mussel, as a case study, to investigate the wider 

application of the Digital River Network in relation to ecology was largely influenced by 

the Scottish National Heritage (SNH). The freshwater pearl mussel is a protected species 

monitored by SNH. It faces an uncertain future due to the potential threat of increased 

bed disturbance from a higher frequency of high flow events as a result potential changes 

in climate. 

1.3.3 Aim 

The aim of this thesis is to investigate how spatial data can be used to look at how flood 

frequencies and magnitudes in the past and in to the future under a climate change 

scenario will potentially affect channel geomorphology, ecology and management at 

catchment scales and conceivably the national scale. 

 

 

 




































































































































































































































































































































































































































































































































































































































































