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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.  
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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. 
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1.3.4 Objectives 

Objective 1: examine long-term flow records to look at the frequency of 

geomorphologically significant high flows on six geographically distinct Scottish rivers 

in the past and to predict potential future changes with climate change 

·  Enhance our knowledge as to whether there is increasing evidence to suggest 

Scottish rivers have under gone periods which have been flood rich and flood 

poor in the past. 

·  Establish whether any current trends found are regionally specific or apply to 

Scotland as a whole. 

·  Predict how future changes in climate will affect the frequency and magnitude of 

flood-induced geomorphic events. 

·  Consider how any changes in the frequency of flood-induced geomorphic events 

could affect future management decisions. 

Objective 2: investigate the use of stream power as a proxy for channel change induced 

by flood scenarios and whether it can be used as a pre-screening tool by river managers 

to highlight potential areas of channel instability on a national scale 

·  Investigate how applicable the stream power thresholds for channel adjustment by 

deposition and erosion suggested initially by Brookes (1988) for managed 

channels in England and Wales are to the upland river catchments of Scotland  

·  In the event of Andrew Brookes’s (1987a, b) stream power thresholds are not 

appropriate for Scottish river systems suggest alternative values or approach 

·  Investigate how climate change induced flood scenarios changes the dominate 

channel sediment transport process type during a 1:2 year flood 
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·  Identify any regional difference (east, north and west Scotland) in the number of 

reaches which change channel process type with the predicted influence of climate 

change. 

Objective 3: use and develop the Scottish Environmental Protection Agency’s Digital 

River Network (DRN) to explore changes in channel stability and rate of bedload transfer 

at different flood frequencies and with climate change induced flood scenarios  

·  Develop a catchment-scale bedload transport model 

·  Develop a method to extract a channel depth value for each 50m DRN point to 

allow the rate of bedload transport to be calculated 

·  Use scientific literature and field data to assign a geomorphologically relevant 

particle grain size to each channel typology used within the DRN  

·  Assess the change in the rate of bedload transport with changing flood frequency 

climate change induced flood scenarios  

·  Assess the change in the rate of bedload transport between different channel 

typologies  

·  Assess the change in channel instability with changing flood frequency and 

climate change induced flood scenarios  

·  Carry out field survey work to aid in the validation of model outputs. 

Objective 4: Assess the importance of habitat structure on allowing aquatic species to 

avoid entrainment with specific reference to the freshwater pearl mussel 

·  Develop a flume study to investigate entrainment velocities of freshwater pearl 

mussels within different habitat structures 

·  Assess the effectiveness of entrainment avoidance mechanism (burial, alignment, 

sheltering) used by mussels to avoid entrainment  
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Objective 5: look at the potential affect that changing in flood frequency and climate 

change could have on river ecology which reference to the critically endangered 

Freshwater Pearl Mussel 

·  Use the Scottish Environmental Protection Agency’s Digital River Network 

(DRN) to explore which mussel populations in the River Dee are most vulnerable 

to changing flood frequency magnitude with climate change  

·  Explore the usefulness of using the DRN to assess the vulnerability of freshwater 

pearl mussels to extreme flood events and climate change  
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1.4 THESIS STRUCTURE 

1.4.1 Thesis Synopsis 

This thesis is composed of seven chapters with each chapter building on the findings of 

the previous chapter (Figure 1.1).  Chapter 2 aims to investigate how an increase in winter 

rainfall will influence the occurrence of�geomorphologically relevant flood events.  The 

results from Chapter 2 show that the frequency of geomorphologically relevant winter 

floods will potentially increase under climate change.  Chapter 3 evaluates the use of 

stream power thresholds as a means of predicting the river reaches most sensitive to a 

change in the frequency and magnitude of geomorphic flood events with climate change 

at the national scale, as was predicted to occur in Chapter 2 of this thesis.  Chapter 3 

concludes that the addition of a bedload element when looking at future changes in 

channel stability may more accurately predict which river reaches will be the most 

sensitive to future changes in channel stability.  Chapter 4 adds a bedload element by 

using a bedload transport equation to investigate changes in the rate of bedload transport 

within river reaches to assess channel instability at various flood frequency magnitudes 

historically and under a climate change scenario.  Chapter 5 highlights the importance of 

understanding future changes in channel bed stability for benthic ecology.  This was 

achieved by looking at the importance of bed stability in preventing freshwater pearl 

mussels from being entrained downstream.  In Chapter 6 the bedload transport model 

developed in Chapter 4 is combined with the findings in Chapter 5 which demonstrated 

the importance of bed stability for freshwater pearl mussels, to highlight at what flood 

frequency magnitude freshwater pearl mussel populations are most vulnerable to 

entrainment downstream historically and under a climate change scenario. As each 

chapter builds on the findings of the previous one it aids in contributing to a fuller 

understanding of the potential impact of future climate change on flood frequency, 
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Main Controls on Channel Morphology 

Climate Change 
Controls: 

flow regime (directly) 
vegetation (indirectly) 

sediment delivery (indirectly) 

Human Engineering 
Gravel extraction 
Impoundments 

Bank/bed reinforcement 
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Sediment & water run-off rates  
 

Channel Boundary 
Bank/bed materials 
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rate of bedload transport 
size of material transport 

Banks 
Channel Width 

 

Bed 
Scour/deposition 

Stream Power 
ability of river to adjust through 
erosion & transport of sediment 

Drivers for Morphological Change 

Chapter 2: Investigates the effect of 
increased winter rainfall on the 
frequency of morphologically 
relevant floods 

Chapter 3: Investigates the use of 
stream power thresholds as a means 
of predicting the effect of future 
climate change on channel stability 
using SEPA’s DRN 

Chapter 4: Adds a bedload element 
to SEPA’s DRN to investigate the 
changes in the rate of bedload and 
channel stability at varies flood 
frequency magnitudes.  

Chapter 6: Uses the bedload transport model to predict the 
flood frequency magnitude at which freshwater pearl 
mussel populations are most vulnerable to entrainment 
historically and under a climate change scenario 

Chapter 5: investigates the importance of 
channel bed stability for benthic ecology by 
looking at the importance of bed stability in 
preventing freshwater pearl mussels being 
entrained and transported downstream 

Chapter 1: Reviews the 
methods used to predict 
channel adjustment and 
highlights the aims and 
objectives of this study 

Chapter 7: Complexity of the river 
environment and the high level of 
uncertainty in predicting channel 
instability and change at the 
national scale 

Predicting Changing Channel Instability with Climate Change Figure 1.1: Conceptual diagram 
illustrating the links between each 
thesis chapter and the controls and 
drivers of morphological change 
which are investigated in this 
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channel stability, riverine ecology and river management to answer the aims and 

objectives of this thesis, which are addressed in Chapter 7. 

1.4.2 Detailed Chapter Synopses 

Chapter 1 provides an overview of the methods used to predict channel adjustment and 

highlights the aims and objectives of this study. 

Chapter 2 looks at flow records which are greater than 50 years in length for six rivers 

across Scotland to investigate whether there is evidence to suggest Scottish catchments 

have undergone periods where the frequency of flooding has increased (‘flood-rich’) and 

periods where the frequency of flooding has decreased (‘flood-poor’). The change in the 

frequency of geomorphic flood events with climate change is also reviewed in addition 

to what the results means for the future management of Scottish rivers.  

Chapter 3 investigates the suggestion that the stream power thresholds suggested by 

Andrew Brookes in 1988 for managed channel in England and Wales are applicable to 

Scottish river channels.  Field data collected from six upland channels in Scotland were 

used to create threshold for channels which were erosion dominated and deposition 

dominated. The accuracy of these thresholds for predicting channel process type was then 

assessed and compared to the thresholds suggested by Brookes in 1988. 

Chapter 4 investigates the use of Scottish Environmental Protection Agency’s Digital 

River Network to predict potential changes in channel stability and rate of bedload 

transport which changes flood frequency under pre-climate change and post-climate 

conditions. The River Dee in Aberdeenshire was used as a case study to assess the 

accuracy of the model’s outputs. 
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Chapter 5 outlines a flume study which was undertaken to establish the importance of 

habitat structure and the defence mechanism of burial, alignment and sheltering to allow 

the freshwater pearl mussel to avoid entrainment.  

Chapter 6 outlines the use of Scottish Environmental Protection Agency’s Digital River 

Network to predict at what flood frequency individual freshwater pearl mussel 

populations become unstable and how climate change may alter the frequency at which 

their habitats become unstable. The River Dee was used as a case study catchment to 

demonstrate the use of the Digital River Network for this application. 

Chapter 7 is a concluding chapter which readdress the aims and objectives set out in 

chapter one of this thesis.  This chapter reviews the finding for each of the five data 

chapters in order to answer the aims and objectives of this thesis. This chapter also makes 

some suggestions for further research in this area. 
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CHAPTER 2 

Frequency of Flood Flows Associated with Geomorphic 

Activity within Scottish River Channels: 

 Past & Future 
 

2.1 INTRODUCTION 

2.1.1 Flooding in Scotland 

Flooding has significant geomorphological and socio-economic effects.  In 

geomorphological terms flood flows are an important part of landscape evolution, 

creating valleys, floodplains and maintaining in-channel and riparian biodiversity (Junk 

et al., 1989; Bull, 1991, Raven et al., 2010).  In socio-economic terms floods are an 

environmental hazard, as flood waters damage residential and commercial property, 

agricultural crops and erode pastoral land. In Scotland alone, inland flooding costs the 

Scottish Government an estimated £720-850 million annually (Scottish Government, 

2013).  Traditionally, flood and water resource managers have used statistical techniques 

such as flood return intervals and event probabilities to determine appropriate flood 

management schemes.  These statistical techniques assume that the hydrological record 

and therefore the flow regime of a river are stationary (O’Connell et al., 2010; Salas and 

Obeysekera, 2014).  Many studies now, however, have suggested that hydrological 

records are in fact non-stationary and exhibit trends and shifts (Strupczewski et al., 2001; 

Franks and Kuczera, 2002; Lane, 2008; Pattison and Lane, 2011;Wilby and Quinn, 2013) 

in high flows throughout time.  There are now a growing number of studies which suggest 

that flooding occurs in temporal clusters and that longer term flow records exhibit periods 

of low flood frequency known as ‘flood-poor’ periods and periods of increased flood 

frequency known as ‘flood-rich’ periods (Robson et al., 1998; Black and Burns, 2002; 
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Robson, 2002; Werritty, 2002; Lane, 2008; Wilby et al., 2008; McEwen, 2010; Pattison 

and Lane, 2011; Wilby and Quinn, 2013; Raven et al., unpublished).  The reasons for this 

non-stationary behaviour in flood frequency can potentially be attributed to changes in 

land management practices and land use (Potter, 1991; Stover and Montgomery, 2001; 

Macklin and Lewin, 2003), channel modifications and climatic variability through 

atmospheric circulation patterns such as the North Atlantic Oscillation and Atlantic 

Multidecadal Oscillation (Enfield et al., 2001; Macklin and Rumsby, 2007; Wilby and 

Quinn, 2013; Raven et al., unpublished).  

Since the 1990s Scotland, and the UK in general, have experienced what is described as 

a ‘flood-rich’ period where there has been an increase in the frequency and magnitude of 

high flow events (Werritty and Leys, 2001; Black and Burns, 2002; Robson, 2002; Fowler 

and Kilsby, 2003).  In Scotland numerous studies have investigated and discussed the 

concept of ‘flood-rich’ and ‘flood-poor’ periods (Smith, 1995; Steel et al., 1999; Werritty 

and Leys, 2001; McEwen, 2006).  In 1995, Smith compiled a precipitation record dating 

back to 1874, which, after analysis suggested that the 1870s, 1920s and 1950s were 

particularly wet decades, potentially causing an increase in the frequency of high flows, 

and the 1930s and 1970s were considerably drier and thus had a potentially decreased 

frequency of high flow events.  In 1999, Steel et al. took this one step further using a 

rainfall runoff model, IHACRES, which generated artificial flood records of up-to 126 

years for 11 river basins across Scotland.  The model results highlighted a regional 

west/east divide, potentially linked to long-term changes in the weather patterns 

controlling precipitation across Scotland (Wilby et al., 1997; Werritty and Foster, 1998; 

Black and Burns 2002), where the highest flood frequencies in the north and west were 

during the 1990s and the highest flood frequencies in the south east were in the 1870s.  

McEwen’s 2010 study found a similar regional divide where the ‘flood-rich’ period in 

the 1880s and 1890s was more pronounced in the north-east, central belt and south-east 
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than in the north and west.  For Scotland as a whole the periods 1741-1750, 1791-1800, 

1906-1915 were identified as ‘flood-rich’ periods. 

2.1.2 Flood Magnitude and Frequency 

The importance of flooding and the magnitude and frequency of flooding in relation to 

channel morphology has been well documented in the literature (Leopold and Maddock, 

1953; Pickup and Warner, 1976; Wolman and Gerson, 1978; Newson, 1980; Sloan et al., 

2001; Knox, 2004). Certainly, magnitude and frequency of events is a key concept across 

geomorphology (Wolman and Miller, 1960; Baker, 1977).  This is because high flows 

affect the three main parameters involved in channel adjustment, explicitly: discharge, 

sediment transfer and erosion of the channel boundary (Thorne, 1997; Knighton, 1998; 

Montgomery and Buffington, 1998; Kondolf et al., 2002; Raven et al., 2010).  Although 

river channels are constantly adjusting in response to a number of interlinking processes 

and feedbacks on a range of different spatial and temporal scales, it has been suggested 

that a channel’s ‘average’ geometry is the product of its dominant or channel forming 

discharge.  Early work by Wolmon and Miller (1960) suggested that the ‘dominant’ 

discharge was the discharge responsible for transporting the greatest amount of sediment 

over longer time scales.  It was hypothesised that large floods occurred too infrequently 

to make significant contributions to sediment transfer and smaller more frequent flows 

did not have enough power to transport large volumes of sediment. Thus more frequent 

moderate flows were responsible for the majority of sediment transferred through the 

system, with the channel geometry adjusting to allow the river to convey that flow (Figure 

2.1).  Since then the concept of a ‘dominant discharge’ or ‘effective discharge’, its 

frequency and magnitude has been repeatedly discussed and investigated within the 

literature (Harvey, 1969; Pickup and Warner, 1976; Carling, 1988; Kochel, 1988,  
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Crowder and Knapp, 2005).  Wolman and Miller (1960) originally suggested that the 

dominant discharge was that which transported the greatest volume of sediment over 

longer time scales, but since then it has also been described as the flow that defines cross-

sectional capacity (Wolman and Leopold, 1957) and meander wavelength (Ackers and 

Charlton, 1970).  Bankfull discharge in alluvial rivers has often cited (Ackers and 

Charlton, 1970; Harvey, 1991), has a channel’s dominant discharge.  This is when a 

river’s ability to carry sediment and erode is maximised (Harvey, 1969; Ackers, 1992; 

Knighton, 1998).  The frequency of bankfull discharge however, has not been found to 

be consistent between river channels and indeed within the same river catchment (Pickup 

and Warner, 1976; Andrews, 1980; Magilligan, 1992; Knighton, 1998; Crowder and 

Knapp, 2005), with values ranging from 1 to 32 years (Brush, 1961; Wolmon and Miller, 

1964; Harvey, 1969; Williams, 1978; Richards, 1992; Nash, 1994;  Powell et la., 2006; 

Ferro and Porto, 2012), with the average being between 1 to 2 years (Dury, 1961; Hey, 

Figure 2.1 Determination of effective discharge using flow duration and sediment rating curves 
for a given channel. (From Wolmon and Miller, 1960; Source: Harman, 2000) 
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1975; Ferro and Porto, 2012).  Neller (1980) and Phillips (2002) suggested that some 

channels have a ‘bimodal’ dominant discharge or two dominant discharges. In the 

forested upland catchment of the Hungry Mother basin (Virginia) Phillips (2002) found 

smaller more frequent flows, less than bankfull, were responsible for the movement of 

sediment and maintaining channel morphology.  Larger more infrequent floods (with a 

recurrence interval measured in decades) were responsible for shaping the banks of the 

channel. Lenzi et al., (2006) came to the same conclusions when looking at sediment 

loads in the Italian Alps. Floods with a return interval of 1.5 to 3 years were found to be 

responsible for maintaining channel form (pool depth and steepness) and floods with a 

return interval of 30 to 50 years were responsible for macro-scale changes such as channel 

width and planform adjustments.  The body of work described above demonstrates the 

complexity of determining and defining a threshold discharge for channel change and the 

number of factors (geology, soil permeability, land use, catchment size, and channel type) 

that need to be considered when selecting a return interval. 

2.1.3 Channel Adjustment 

River channels will frequently change and adjust to a variety of internal and external 

forces, but through a self-regulating feedback system manage to maintain a stable state 

both spatially and temporally (Bull, 1991; Knighton, 1998).  This dynamic equilibrium 

or fluvial equilibrium means that a river will adjust to small changes in its hydrological 

and sediment regime and then recover over time back to its original state as long as these 

changes remain within set boundaries or thresholds. If the disturbance causes a critical 

threshold to be crossed, then the river will recover to a stable state but operate around a 

new equilibrium position (Figure 2.2).   
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Rivers can also be in a state of ‘disequilibrium’ whereby the recovery or ‘relaxation’ time 

between disturbances is shorter than that required for the river to recover and restabilise 

resulting in the planform of the river being transient and constantly adjusting, making it 

more prone to chaotic behaviour (Werritty, 1997; Sear and Newson, 2010).  This type of 

behaviour can also be a result of a positive feedback within the system where one 

disturbance leads to another disturbance amplifying the river’s first adjustment in the 

same direction (Renwick, 1992; Werrity, 1997; Hooke, 2007; Newson, 2002).  

As climate change could potentially decrease the number of days between flood events 

and reduce the time available for rivers to return back to their original state, there is the 

potential for a threshold to be crossed and thus the river to establish a new equilibrium.  

This concept of thresholds and channel change has been discussed in the literature 

(Schumm, 1973; 1979; Bull, 1991; Werritty, 1997; Knighton, 1998).  As mentioned 

above, a geomorphic threshold is crossed if a landform’s morphology is altered 

permanently so that its shape alters slightly around a different ‘mean’ shape than it did 

previously.  In the context of a river these changes could be changes in planform, channel 

Figure 2.2: Concept of dynamic equilibrium and threshold behaviour in river channels (adapted from Werritty, 
1997 and Sear and Newson, 2010) 
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width and depth or slope.  These changes can occur over a range of different timescales 

(abrupt or gradual) and can be extrinsic in nature (result of external force) or intrinsic in 

nature (result of internal force) (Schumm, 1979; Bull, 1991).  The direction of change and 

ease at which a channel will adjust to changes in discharge and sediment load are a result 

of channel and/or landscape sensitivity (Brunsden and Thornes, 1979; Brunsden, 2001).  

A river channel can adjust a number of different parameters (depth, width, slope) to 

convey larger or smaller volumes of water and sediment, known as a channel’s degrees 

of freedom (Hey, 1978; Knighton, 1984; Gregory, 1987; Downs and Gregory, 1993) these 

are shown in Figure 2.3.   

Figure 2.3: Degrees of freedom and process drivers of channel change.  Process drivers are shown in purple and 
degrees of freedom are shown in red. Degrees of freedom include: channel width, mean and maximum depth, 
channel slope, mean channel velocity, planform sinuosity and meander arc length.  Process drivers of channel 
change include: discharge and catchment run-off, sediment delivery and transfer, bed material characteristics, 
bank material, valley slope and riparian vegetation (Sear and Newson, 2010) (adapted from Raven et al., 2010) 
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Channel adjustments can occur due to autogenetic (within channel) and allogenic (outside 

channel) influences (Lewin, 1977; Down and Gregory, 1993), and the channel’s response 

or sensitivity to these changes will depend on a variety of different factors such as geology 

(bedrock or alluvial), planform (meandering or wandering) and current human 

modifications (straightened or natural).  Brunsden and Thorne (1979) suggested that a 

transient-form ratio could be used to identify landform sensitivity to change:  

 

 

If unity is achieved (i.e. ratio is equal to 1) then after a disturbance the river will maintain 

its current form.  Conversely, if the ratio is less unity (i.e. less than 1) then the river will 

adjust slightly before restabilising to maintain its new state, and if the ratio is greater than 

unity (i.e. greater than 1) then the river will be in state flux or disequilibrium where-by 

the frequency of disturbances is greater than the time required for the river to recover and 

restabilise.  Despite the difficulty in stipulating the mean relaxation and recurrence time 

of events it (the model/ the equation) does provide some indication of the stability or 

‘robustness’ of the river system to a certain disturbance and its ability to regain 

equilibrium again post-disturbance.  However, it is also important to consider that the 

sensitivity of a river channel and its ‘robustness’ to change.  Thus the adjustments made 

by the river as a result of change or disturbance may vary as a result of differences in 

antecedent condition (Newson, 1980), channel coupling (Harvey, 1994; Hooke, 2003; 

Reid et al., 2007), as well as land use and land cover (Knox, 1977; Knox, 2000; Macklin 

and Lewin, 2003) and human modification (Gregory, 2006).  

When the sensitivity of Scottish rivers to hydrological changes over time was investigated 

(Ley and Werritty, 1999) and reviewed (Werritty and Leys, 2001) it was concluded that 

Scottish rivers were on the most part ‘robust’ and thus have the ability to absorb potential 
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hydrological and sediment transfer changes with only small adjustments to their 

morphology (Werritty and McEwan, 1997; Werritty and Leys, 2001).  Several reasons 

for the ‘robustness’ of Scottish river channel to morphological adjustment include: a lack 

of mining operations injecting large volumes of sediment into rivers, rivers tending to be 

only weakly coupled to their valley sides and a glacial history resulting in relatively 

coarse bed material or the river being incised into the underlying bedrock (Werritty and 

Leys, 2001).  As a result studies investigating channel change in Scotland have tended to 

focus on historical changes in channel planform (McEwan, 1994; Leys and Werritty, 

1999), medium to long term channel adjustments (Winterbottom, 2000) and the impact 

of large flood events on channel morphology (McEwen and Werritty, 1988; Bryant and 

Gilvear, 1999; McEwan and Werritty, 2007).  Fewer studies have considered the effect 

of a change in the frequency of bankfull floods or dominant discharge which are important 

for maintaining channel planform and geometry, floodplain connectivity and a high 

ecological integrity (Junk et al., 1989; Poff, 2002; Gordon et al., 2004; Doyle et al., 2005).  

Although bankfull flows will not cause large scale changes in channel morphology to 

occur changes in magnitude and frequency of these flood flows have been found to be 

important for riverine ecology (Clausen and Biggs, 1997; Tockner et al., 2000).  Thus 

changes in the frequency of bankfull flows through-out time or with future climate change 

could have important implications for aquatic ecology.  This is because floods help to 

rejuvenate river ecosystem by maintaining physical and ecological habitat structure and 

function (Poff, 2002).  Therefore, when a river’s hydrological regime is altered the 

naturally destruction and rejuvenation of river habitat is impaired.        

When the concept of a dominant discharge and channel change is considered in relation 

to changes in the frequency of flood events it would appear that river channels would go 

through periods of increased geomorphic activity (‘geomorphologically-rich’ periods) 

followed by periods of decreased geomorphic activity (‘geomorphologically-poor’ 
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periods).  This infers that the dominant discharge would occur more often during 

‘geomorphologically rich’ periods and less often during ‘geomorphologically-poor’ 

periods. As future climate change is predicted to increase winter river flows across 

Scotland, in some areas by over 50% (Kay et al., 2011), this could potentially mean that 

Scottish rivers will be more active than they have been previously, and move towards a 

“super-rich geomorphic state” compared to past conditions.  Periods in the past where 

river reaches have been less geomorphologically active will be more geomorphologically 

active, and periods where river reaches have been more geomorphologically ‘benign’ will 

have increased activity, thus Scottish river channels will enter a period of evolution as 

they adjust to this new regime.  This would have important implications for future 

management of rivers in terms of flood risk, bank and sediment management, channel 

restoration and planning. Previous studies have predominately focused on modelling back 

in time to find trends and step changes in flooding across the UK (Steal, 1999; McEwen, 

2010).  Here, long (over 50 years) historical discharge records are investigated to see if 

these trends, fluctuations and step-changes in flood frequency are present in the flow 

records of six rivers across Scotland and thus suggesting that geomorphic activity within 

Scotland may well be non-stationary. The potential impact of future climate change on 

any fluctuations, trends and step-changes is also considered.   
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2.2 METHODS  

In Scotland river water levels are monitored daily at 392 locations by SEPA.  The length 

of these records varies from over 80 years to less than 15 years.  The longest record is of 

the River Dee at 85 years. Rivers were selected that had a record length of greater than 

50 years, had no gaps within their record, and as far as possible were well distributed 

spatially across Scotland presenting hydro-climatic regions.  The exception to these rules 

was the River Earn where there is no data from the 1st January 2003 to 31st December 

2003.  It was decided that this would not be an issue for the analysis here because none 

of the surrounding local rivers which have data for 2003 experienced significant flood 

peaks during this year. Records which were shorter than 50 years were considered too 

short (Robson, 2002) to detect trends, shifts and decadal variations in flood frequency.  A 

POT (peaks over thresholds) flood series was constructed using daily flow data from six 

rivers across Scotland (River Dee, Woodend; River Spey, Boat O’Garten; River 

Findhorn, Forres; River Earn, Killkell Bridge; River Clyde, Sills of Clyde; River Almond, 

Almondbank) (Figure 2.4).  The recorded daily flow from the data sets represents the 

mean flow on that day.  This was obtained from the National River Flow Archives.  The 

mean daily flow was considered suitable for this study as all the gauging sites were 

located in catchment greater than 170 km2 in size.  Flood peaks would therefore be 

expected to appear in a mean daily flow record, unlike in smaller catchments which are 

much more sensitive to changes in flow with flood peaks only lasting several hours..   
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As the aim here was to examine the frequency of floods that were most likely to contribute 

to channel instability and increased geomorphic activity, the thresholds for flood peaks 

was taken to be a flood that had a return interval of two years.  Although the frequency 

of flows responsible for significant geomorphic activity has been shown to vary between 

1.1 years to 12 plus years depending different catchment characteristics such as soil 

permeability (Harvey, 1969; Leopold, 1994; Petit and Pauquet, 1997; Surian, et al., 2009; 

Ferro and Porto, 2011), for gravel bed rivers, like those found in many parts of Scotland, 

it is generally accepted to be between 1.5 and 2.8 years (Harvey, 1969; Leopold, 1994; 

Ferro and Porto, 2011).  Here a return interval of two years was selected for ease of 

calculation and to ensure there was enough flows within the data for any trends or shifts 

to be established.   Thus for this study the more frequently the river exceeds this flow then 

Figure 2.4: Location of rivers used in this study within Scotland and record length.  Blue represents a west of 
Scotland catchment, yellow an east of Scotland catchment and purple a north (highland) catchment based on 
UKCIP’s (2002) breakdown of the UK for predicting climate change. 

River Clyde  
1958 to 2013 

River Findhorn  
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it is assumed the more geomorphologically active the river was during that given period.  

The 1:2 year flow of each river was calculated using the Log-Pearson Type III 

Distribution method described by Oregon State University 

(http://streamflow.engr.oregonstate.edu/analysis/floodfreq/).  Although a flow with a 

return interval of two years may not be the exact return interval for bankfull discharge for 

each river it provides a consistent measure to allow the activity of the different Scottish 

rivers to be assessed over time.  

 

Time series plots were created for each river showing the number of flows per year over 

1:2 year flood flow and the number of days between 1:2 year flood peaks to look for any 

general trends or shifts within the flow records.  A linear trend line and LOESS smoothed 

curve were added to each plot to aid in the identification of any trends and shifts within 

the flow records.  Mann-Kendall tests (a ranked based non-parametric test) were 

completed on each river to assess whether any of the data sets displayed a significant 

upwards or downwards monotonic (gradual change over time in one direction) trend in 

the number of POT floods annually or number of days between POT events within the 

flow data sets.  There had to be a minimum of seven days between flood peaks to ensure 

it was a single high flow event and not multiple peaks part of the same event.  This was 

done using the ‘Kendall package’ (Hipel and McLeod, 1994) in R Studio version 0.97 (R 

Development Core Team, 2012). 

To investigate if there had been any significant shifts in the number of POT flows (1:2 

year flows) or the number of days between POT events within the flow records, a 

distribution-free CUSUM was undertaken using R Studio version 0.97 (R Development 

Core Team, 2012).  If a significant shift was present this would correspond with the 

suggested ‘flood-rich’ and ‘flood-poor’ period trend sited elsewhere in the literature 

(Robson et al., 1998, Robson, 2002; Pattison and Lane, 2011; Wilby and Quinn, 2013).  
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A distribution-free CUSUM was selected as it detects shifts within a data series which 

cannot be explained by natural variability and it allows for the identification of when 

these shifts occurred (Osanaiye and Talab, 1989; Jessop and Harvie, 2003).  It is a ranked 

based, non-parametric test meaning it does not assume the data are normally distributed, 

as is the case with most hydrological data (Robson et al., 1998).  The median value is 

taken away from each observation in the entire data series (Chiew and McMahon, 1993; 

McGhilchrist and Woodyer, 1993) and then the values cumulatively added together to 

display a general upwards or downwards trend over time.  The test statistic is the 

maximum vertical distance between the CUSUM path and the standard deviation, with 

significance levels being determined using the Kolmogorov-Smirnov test algorithms 

(McGilchrist and Woodyer, 1975). 

To assess the potential impact of climate change a ‘climate change enhanced flow record’ 

was modelled.  To create this flow record, daily winter (December to February) flows for 

the current record were amplified by the percentage increase in 1:2 year flows outlined 

by the Centre for Ecology and Hydrology (Kay et al., 2011) under medium emissions 

scenarios by 2080.  The steps used to create a climate enhanced flow record can be found 

is Figure 2.5.  The percentage increase was only applied to winter flows as current climate 

predictions outlined by UKCIP09 (Jenkins et al., 2009) make no specific mention of the 

changes to spring, summer and autumn flows, as these are not expected to increase 

considerably, if at all.  Using this approach, however, to develop a climate enhanced flow 

record assumes that any increase in the magnitude and frequency of 1:2 year flood flows 

would occur between December and February and does not take into account any seasonal 

shifts which may occur with climate change such as changes in snow accumulation in 

upland catchments (Kilkus et al., 2000; Bronstert, 2002; Baggaley et al., 2009).  Although 

studies such as that by Baggaley et al., (2009) for the River Dee (Aberdeenshire) have 

shown a shift towards an increase in spring flows and a decrease in summer flows linked 
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to changes in snow melt flooding, others such as Hannaford and Buys (2012) found that 

the greatest decrease in flows occurred in spring (March – May) when looking changes 

at seasonal flows in a wide variety of river catchments across the UK.  A similar trend 

was seen in Lisuthian rivers, whereby the timing of high flows events has moved from 

April to March and even February due decreasing snow accumulation in the upland 

catchments (Kilkus et al., 2000).  No adjustment is made to account for the predicted 

decrease in summer rainfall (Hulme and Jenkins, 1998) which may result in a decrease in 

the frequency of summer flooding in this analysis.  The decision not to decrease summer 

flows was taken because studies have shown that changes in summer flows are variable 

and less significant (Petrow and Merz, 2009; Hannaford and Buys, 2012).  Hannaford and 

Buys’ (2012) study for example, investigating the impact of climate change on seasonal 

river flows found ‘no compelling evidence’ that summer run-off rates were likely to 

decrease with climate change.  Summer flows were also found to show the smallest 

difference in flow variation of any of the four seasons (Hannaford and Buys, 2012).  The 

effect of climate change on autumn flows is also conflicting within the literature.  Climate 

models investigating the changes in precipitation and run-off have found that the 

magnitude and direction of changes in precipitation changes regionally with no strong 

indication for a seasonal shift in autumn and summer run-off patterns (Barnett et al., 

2005).  Due to the different seasonal responses to the flow regimes of individual rivers in 

spring and autumn depending on catchment characteristics, the decision was taken just to 

focus on the increase in winter flows with climate change in this study, as much of 

investigation into the effect of climate change on precipitation and run-off in the literature 

have predicted an increase in winter flooding.  However, this does mean that in this study 

it assumes that the seasonal changes in precipitation and run-off will remain constant with 

climate change. Therefore, the study does not take into account the complex hydrological 

changes which may occur in an upland Scottish catchment with climate change due to 
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changes in snow accumulation melt in upland river catchments.  Instead, the results here 

show the significant impact that change in winter precipitation and run-off with climate 

change will have on the frequency and pattern in the occurrence of 1:2 year magnitude 

floods.    A medium emissions scenario was selected to investigate the patterns in the 

data, and an assumption was made that the same patterns would appear under both a low 

and high emissions scenario, although damped in a low emission scenario and heightened 

under a high emissions scenario. 

The report by the Centre of Ecology and Hydrology (CEH) outlines a catchments 

sensitivity to increases in flood peaks as a result of predicted changes in climate at four 

return intervals (2, 10, 20 and 50 years) for different emission scenarios (low, medium, 

high) and time intervals (2020, 2050, 2080) using UKCIP09 data. The predicted climatic 

changes along with catchment characteristics (geology, soil permeability and land use), 

are considered to assess the predicted response of peak flows into nine categories from 

highly-damped (low sensitivity to change) to highly-enhanced (high sensitivity to 

change).   Although the percentage increase in flow predicted by the CEH report refers 

primarily to the magnitude of 1:2 year flood peaks the percentage increase has been 

applied to all winter flows (December to February), as current predictions on future 

climate change (Jenkins et al., 2009) suggest that there is a 90% probability of increased 

winter wetness.  Using the percentage increase in flow generated by CEH was considered 

more accurate than using the predicted percentage increase in rainfall. This was because 

a predicted increase in river flow considers the river catchments’ ability to respond to an 

increase in rainfall, whereas using increasing rainfall would assume a linear relationship 

between increasing rainfall and river flow, which in reality would not be the case 

(Goodrich et al., 1997; Sivapalan et al., 2002; Kokkonen et al., 2004). The percentage 

increase in flow was taken at the 90% probability level (i.e. there is a 90%  
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Figure 2.5: Flow diagram of method used to create a climate enhanced flow record. 
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chance that the increase in flow will not be greater than that value) and represents a worst-

case scenario approach.  The number of days between successive 1:2 year flood peaks 

and also the total number of 1:2 year flood flows were then recalculated using the climate 

enhanced flow record to investigate the impact of climate change on channel activity.   

The Mann-Kendall and distribution-free CUSUM statistical tests were then repeated on 

the climate enhanced flow records to see if the same trends were identified.  The non-

parametric Mann U Whitney test was completed using R Studio version 0.97 to see if 

there was a significant difference between the number of flood flows and number of days 

between flood peaks for the current flow record and climate change enhanced flow record. 

To explore the effect of increased flood activity between potentially less-

geomorphologically active periods and more-geomorphologically active periods, and the 

potential impact of climate change on geomorphic activity, the number of days particles 

of a given size are mobilised at each gauging site was analysed.  SEPA’s (Scottish 

Environmental Protection Agency) Scottish River Network, a spatially distributed river 

network of centre-lines (as depicted on a 1: 25,000 map), with a database which contains 

modelled channel data at 50m intervals was used to obtain slope values and channel width 

values for each of the gauging station sites.  The critical stream power required to move 

pebbles of the sizes typical of Scottish gravel bed rivers (22 mm, 32 mm, 45 mm, 63 mm, 

90 mm and 128 mm) was then calculated using Ferguson’s 2005 method for calculating 

the critical stream power to move grains of any size on a mixed gravel-bed:  
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Where Di represents the size of grain entrained by the flow in meters, Db/db is relative 

roughness (the representative grain size for the river bed as a whole in meters), S is the 

channel slope in meters, b which is hiding factor at 0.6, k is Karman’s constant 

(logarithmic velocity profile) at 0.4, 0.73 is the sediment density (R) and 0.113 being the 

constant a.   

Ferguson’s 2005 equation for critical stream power was used because unlike Bagnold’s 

1980 equation, it does not require a depth value and takes into consideration hiding and 

protrusion effects making it more realistic for natural gravel and cobble bed rivers.  As 

the matrix of river bed is unknown it is assumed, in this study, that the pebble size selected 

for each river was the D50.  The specific stream power was calculated for every daily flow 

record for each river using following equation (Thorne et al., 2010):  

 

 

where with Q is the discharge (m3 s-1), W the width of the water surface (m) and S is the 

longitudinal slope (m m-1), q the fluid density (kg m-3) and g the acceleration due to 

gravity (m s-2).  Each flow record was then filtered to remove all flows which would not 

have been high enough to move the selected substrate size.  The substrate size selected 

for all rivers was 63mm except the Spey where 22mm was selected.  A 63mm substrate 

size was selected because it was recognised as an important substrate size for salmonid 

habitats (Hendry and Cragg-Hine, 1997, 2003; Armstrong et al., 2003).  River beds with 

habitats composed of pebbles with a substrate size between 16mm and 64mm for Salmo 

salar (Atlantic salmon) and between 10mm and 90mm for Salmo trutta (Brown trout) 

have been identified as prime nursey habitat with the literature (Bardonnet and Heland 

1994; Hendry and Cragg-Hine, 1997; Armstrong et al., 2003; Moir and Pasternack, 2010).  

More frequent disturbance to these habitats may result in a reduced egg-to-fry survival 
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rate (Schneider, 2011).  This may then also in the longer term have a knock-on impact on 

the Scottish economy.  In 2004, the Scottish Government estimated that freshwater 

angling had an annual output of 100 million, which support 2800 jobs and generated 50 

million in wages. Furthermore, salmonids are required for the critically endangered 

freshwater pearl mussel to complete its life cycle (Skinner et al., 2003).  Any decline in 

salmonid population would therefore potentially result a decline in freshwater pearl 

mussel populations.  Thus, any significant decline in fish populations, could have 

significant biological and economic impacts.  It should be noted that this study will not 

provide an indication of the impact of climate change on salmonid habitat.  The biological 

and economical significance of salmonids instead provides justification for selecting a 

63mm to investigate patterns in bedload patterns between the different rivers selected in 

this study.  However, this method of looking at frequency of different pebbles sizes could 

be applied to sites known to contain suitable fish habitats to investigate any future changes 

in bed disturbance with climate change.  This pebble size was not used in the River Spey 

because a 63mm pebble had never moved and 32 mm pebble had only moved seven times.  

Therefore, to ensure enough data was available to look for patterns a pebble size of 22mm 

was selected.  This pebble size was predicted to have moved 98 times (Table 2.1).  The 

selection of this pebble size was still deemed geomorphologically relevant as 22mm 

pebble has been identified as the median grain size for salmonid spawning habitats (Moir 

et al., 1998; Armstrong et al., 2003).  This is particularly relevant in the Spey which has 

been designated a Special Area of Conservation (SAC) and supports one of largest salmon 

populations in Scotland due to it high quality spawning gravel habitats (River Spey 

Catchment Management Plan, 2016). In summary, in the Almond, Clyde, Dee, Findhorn 

and Earn a 63mm pebble was used and for the Spey 22mm pebble.  This was repeated for 

the ‘climate enhanced flow record’.  Although increased flow magnitude with climate 

change could bring about a coarsening of the river bed and a change in the D50 of a river 
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reach, is not considered relevant for the purposes of this study.  This is because, this study 

is looking at how often a river would have the power to move a pebble of a certain size, 

in this case 63 mm or 22 mm, pebble i.e. a theoretical D50 not actually D50 of a river 

reach.  Here it has been assumed that the river would still theoretically have enough power 

to move 63mm or 22 mm pebble even if a coarsening or change in the river bed occurred 

with an increased frequency of winter flood events.  For ease of calculation the sizes 

selected to investigate the number of times a pebble has moved were the same as used in 

a Wolman pebble count (Wolman, 1954). The CUSUM tests and Mann-Kendall tests 

were carried out on the current flow records and a climate enhanced flow record, and a 

Mann-U Whitney test completed to see if there was a significant difference between pre- 

and post- climate change scenarios.   
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Table 2.1 Number of Pebble Movements since Flow Records Began

Pebble Size 
(mm)

Almond 
(1955)

Clyde 
(1957)

Dee 
(1929)

Earn 
(1948)

Findhorn 
(1958)

Spey 
(1951)

Almond 
(1955)

Clyde 
(1957)

Dee 
(1929)

Earn 
(1948)

Findhorn 
(1958)

Spey 
(1951)

16 12,017 10,469 17,948 11,885 10,340 641 12,556 11,213 20,75912,806 11,237 956

22 7,975 6,363 9,931 7,102 7,757 98 8,677 7,160 12,408 8,338 9,271 190

32 4,187 2,764 4,064 2,861 3,984 7 4,772 3,483 2,000 3,815 5,22214

45 1,818 1,027 1,278 760 1,862 1 2,285 1,484 1,920 1,271 2,758 1

63 703 264 338 115 657 0 993 467 520 285 948 0

90 166 32 50 7 157 0 246 86 109 24 263 0

128 31 2 3 0 32 0 55 7 7 2 54 0

Current Flow Record Climate Change Enhanced Flow Record

Pebble size selected for each river highlighted in yellow. The starting year of each flow record is shown in brackets. 

Table 2.1: Number of Times a Pebble of a Given Size Has Moved since Flow Record Began 
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2.3 RESULTS 

2.3.1 Trend Analysis and Step-Changes  

The number of days that a 1:2 year flow has been exceeded on each of the six rivers being 

investigated is shown in Figure 2.6.  Overall visual assessment of the results shows that 

there appears to be slight up-wards trend in the occurrence of 1:2 year floods in all rivers 

except the River Dee, in which there is noticeable downward trend in the occurrence of 

1:2 year floods. Mann Kendall tests (Table 2.2) carried out on each river showed that 

there was a statistically significant upwards trend for the rivers Clyde, Findhorn and Spey.  

No statistically significant trends were found in the Dee, Earn or Almond.  Record length 

may, in part, provide an underlying explanation for these results as records for the Clyde 

and Findhorn start in 1957 and 1958 respectively.  This could mean these records are 

missing the potentially higher flows occurring during the 1950s, resulting in flow records 

going from less high flows events to more flows events rather than having a low, high, 

low pattern as suggested elsewhere in the literature (Robson et al., 1998b; Pattison and 

Lane, 2011; Wilby and Quinn, 2013). The LOESS smoothed curve suggests that in the 

Almond and Earn there was a slight dip in the occurrence of 1:2 year floods between 

around 1970 and 1980, which would tie in with the suggestion that 1970 and 1980 was a 

‘flood-poor’ or a less-geomorphologically-active period across the UK in general.  The 

Clyde, Findhorn and Spey show no distinct dip around the 1970’s and 1980’s and instead 

show a much more linear upwards trend.  The Dee shows only a very slight dip around 

1970 and 1980 but generally shows a more stationary pattern in flood flows throughout 

its flow record.  The distribution-free CUSUM (Table 2.3) completed on each river only 

found a significant shift in the occurrence of 1:2 year floods in the River Earn.  On the 

Earn only one shift was found to have occurred around 1957 where the mean number of 

floods per year went from 2 (1948 to 1956) to 1.16 (1957 to 2010).   
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The slight dip seen on the Almond can therefore be assumed to be due to natural 

variability.   

 

Figure 2.7 shows the number of days been successive 1:2 year flood peaks.  The Clyde, 

Findhorn and Spey all show a potential downward trend in the number of days between 

floods, whereas the Dee shows a slight upwards trend and the Almond and Earn show no 

trend. This suggests that in the Clyde, Findhorn and Spey that 1:2 year floods are 

occurring more often than they have in the past.  The River Dee shows the reverse trend 

in that the number of days between flood peaks is increasing, thus suggesting 1:2 year 

flows have become less frequent, whereas in the Almond and Earn it has overall been 

fairly consistent throughout the flood record.  Mann-Kendall tests carried out on each 

river showed that there was no statistically significant downwards or upwards trend for 

any of the rivers (Table 2.2). 

The LOESS smoothed curve suggests that in the River Almond and Earn there was an 

increase in the number of days between floods around 1980, which again would tie in 

with current thinking that 1980s were a drier ‘flood-poor’ period.  The River Clyde, 

Findhorn and Spey shows no change around the 1980s and instead just show a general 

decrease in the number of days between floods.  In contrast the River Dee actually shows 

an increase in the number of days between 1:2 year flood peaks suggesting that floods are 

River Z - Value
Upwards Trends 

(p value)
Downwards Trend 

(p value) Z - Value
Up-wards Trends 

(p value)
Downwards Trend 

(p value)

Almond 0.6084 0.2715 0.7286 -0.7581 0.7758 0.2242

Clyde 1.7037 0.0442 0.9558 -1.3114 0.9051 0.0949

Dee -1.7995 0.9640 0.0360 1.3906 0.0822 0.9178

Earn 0.1747 0.4306 0.5694 -0.8318 0.7972 0.2028

Findhorn 2.7384 0.0031 0.9969 -1.3401 0.9099 0.0901

Spey 2.2623 0.0118 0.9882 -1.4123 0.9211 0.0789

Significant results shown in red. Significant at 95% confidence level

Table 2.2 Mann-Kendall Results for each River for the Number of Times 1:2 year Flow Exceeded and Number 
of Days between 1:2 year Flood Peaks

Number of Days between 1:2 year Flood PeaksNumber of Times 1:2 year Flow Exceeded
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occurring less frequently now than they have done in the past. The CUSUM analysis 

found that there were significant shifts in the number of days between flood peaks in all 

rivers (Table 2.4 and Figure 2.8).  The River Spey and River Findhorn show only one step 

change around 2000, with both showing a decrease in the mean number of days between 

floods going from 404 to 153 and 453 to 171 days respectively, suggesting a marked 

change in the frequency of 1:2 year floods over the last 15 years.  This slightly contradicts 

current thinking which suggests that the ‘flood-rich’ period started in the late 1980s when 

a series of high magnitude floods occurred across Scotland (Black and Burns, 2002).  

Equally it could be that the ‘flood-rich’ period which started in the around 1990 has been 

further enhance in these rivers since 2000 due to climate change or changes in land 

management practices.  The most southerly rivers; the Earn, Clyde and Almond, all show 

three significant shifts within their record, which support the concept of going from a 

‘flood-rich’ to ‘flood-poor’ and back to ‘flood-rich’ periods over the last 55 to 65 years. 

The two shifts occurred on the Earn in 1963 and 1997 with the mean number of days 

between flood peaks going from 249 to 946 and back to 25. In the Almond the first shift 

occurred in 1963 and the second in 1988 with the mean number of days between floods 

going from 159 to 573 to 194.   






































































































































































































































































































































































































































































































































































































