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Abstract

Throughout the Quaternary, ice sheets and glaciers episodically expanded to cover
up to 30 percent of the Earth’s surface. Many of these areas are now ice-free due to
climatic warming after approximately 14.5 ka. Rivers are the main erosional agents
and drivers of landscape evolution in post-glacial landscapes; however, their response
to past glaciations is notoriously complex. Key challenges associated with under-
standing fluvial processes in post-glacial landscapes originate from the glacial modi-
fication of hillslopes and channels, such as decoupling of hillslopes from channels
due to the over-deepening and widening of valleys by glaciers, or extensive glacial
sediment drapes (e.g., till, moraines, paraglacial terraces) which influence sediment
supply and transport capacity. Additionally, Glacial Isostatic Adjustment (GIA) results
in considerable spatial and temporal variations in relative sea-levels, which set the
base-levels of rivers. Rivers communicate changes in base-level to the rest of the
landscape by the upstream propagation of transient signals. Relatively little research
has quantified geomorphic processes in post-glacial landscapes in post-orogenic
regions. Much geomorphological research has focused on unglaciated landscapes
and glaciated landscapes in tectonically active regions.

In the first part of this thesis, | explore the controls on erosion rates in the post-glacial
Feshie basin, Scotland. Erosion rates are inferred from the concentration of in-situ
cosmogenic radionuclides (CRN) measured in river sands. When erosion rates are
calculated based on the common assumption of basin-wide homogeneity of erosion,
| counter-intuitively find no correlation between erosion rates and topographic metrics
(e.g. slope). To explain the concentrations, | suggest that sediment is sourced from
both the ‘background’ hillslopes and paraglacial terraces. | test this hypothesis with a
mixing model, which indicates that the observed distribution of CRN concentrations
can be explained if terrace escarpments have cm-scale retreat rates during large flood
events. These results highlight the on-going glacial legacy on landscape evolution.



In the second part of this thesis, | explore controls of fluvial grain sizes in Scotland.
| document river surface grain sizes at 300 locations through a citizen science sur-
vey. | then investigate whether grain sizes can be correlated and predicted from
environmental variables (e.g., basin slope, flow distance from headwaters) through
Spearman’s correlation statistics and random forest regression modelling. In contrast
to other studies that have primarily focused on non-glaciated landscapes, we find no
apparent controls on surface grain sizes in channels across Scotland. | suggest that
Scotland’s post-glacial legacy drives the lack of sedimentological trends, which aligns
with the interpretations from the first research chapter.

In the third part of this thesis, | explore the response of rivers to base-level rise
(which is largely driven by GIA) and coastal erosion in Southern England. Emer-
ging research suggests that coastal erosion can initiate the formation of migrating
knickpoints. Through topographic analysis, | find that some rivers have migrating
knickpoints in Southern England. | then investigate the fluvial and coastal factors influ-
encing these knickpoints at the regional scale, as outlined by previous research. | find
a clear lithological control: channels underlain by more resistant rocks consistently
incise at their outlets, compared to less resistant rocks, for a given drainage area (<
25km?). However, | find no drainage area or coastal erosion rate control.

Overall, this thesis contributes to the growing body of research quantifying landscape
evolution in regions affected by glaciation. Importantly, | find that post-glacial land-
scapes in post-orogenic terrains are largely influenced by the glacial legacy more
than 10 ka after deglaciation. Moreover, | find that past glaciations influence river
processes in regions that have not been glaciated through base-level rise from GIA.



Lay Summary

This thesis explores how landscapes across the British Isles have evolved since the
Last Glaciation, which ended 12,000 years ago. During glacial cycles, ice reshaped
topography by removing and depositing material. After the ice (i.e., the Holocene
epoch), rivers cut into bedrock and transported material from mountain ranges to
seas. Due to ongoing Glacial Isostatic Adjustment, land in Scotland has been uplifting,
while in Southern England, land has been subsiding. In the British Isles, relatively little
is known about the response of rivers to past glaciations.

First, | study the sources and transport of modern river sands in the Scottish mountain
ranges. Understanding how rivers move and carry sediment is essential and useful
for solving problems in ecology and river management. Using geochemical tracing
methods, | find that sands in rivers are sourced from bedrock and glacial deposits.
This indicates that glaciers have a long-lasting impact on sediment supply in formerly
glaciated regions. Next, | explore controls on the size of sediments in Scottish rivers.
Sediment grain sizes provide information on sediment sources and influence river
transport conditions. In contrast to other studies that have primarily focused on land-
scapes with little past or present glacial influence, | find no apparent controls on grain
size in Scotland. | suggest that Scotland’s post-legacy drives the lack of geomorphic
trends. Finally, | investigate the response of rivers to coastal erosion and sea level
rise (i.e., land subsidence) in Southern England. | find that some rivers become more
erosive as they flow towards the coast, which has implications for landscape evolution
over geological timescales. Overall, the findings from this thesis highlight the long-
lasting impact of the glacial legacy on landscape processes, with implications for
sediment transport, erosion, and the evolution of landscapes.



Acknowledgements

Wow, what a journey—30,000 pebbles measured, and | have submitted!

First, thank you to my supervisors, Simon Mudd and Mikael Attal, for their enthusiasm,
support, and feedback throughout the PhD. It has been such a rewarding learning
experience! Thank you also to Fiona Clubb for your valuable contributions and for all
the fun field trips, both in Scotland and Nepal. Thank you to Hugh Sinclair for en-
couraging me to do a PhD and for being such a friendly and approachable character.
Thanks to Andy Dugmore, Andy Hein, and Anthony Newton for the many Drummond
hallway chats, teaching experiences, and general geomorphic enthusiasm. A special
thank you to Roberto Martinez and the geomorphic team from SEPA for their support
throughout my PhD. Thank you to NERC and SEPA for funding my research.

A huge thank you to the Drummond PhD community for the friendship throughout
my PhD years. Morag, thank you for the constant chatter, cups of tea, cake supply,
and for simply being the best! Nick, a special thanks for being such a great field trip
buddy (I hope Hugh cooks you a ’veggie’ risotto without chicken one day!). Thank
you to Marina for the many coffee breaks, writing/hillwalking holidays, and free shoes.
Thank you to everyone else (I apologise for all the sand and snowsuits that | filled the
office with!): Polly, Louis, Ashrika, Prakash, Bronwyn, Saraswati, Leam, Ryan, Harry,
Clara, Eliana, Anthony, Carla, Hannah, and Qiuyang.

Thank you also to my non-geoscience friends, family, and Eliot for the love and
support. Eliot, thank you so much for your endless enthusiasm, positivity, scientific
discussions, adventures and for helping me get through the tough times.

vi



Contents

Declaration i
Abstract iii
Lay Summary v
Acknowledgements Vi
Figures and Tables X
1 Introduction 1
1.1 Overview . . . . . . . e e 1
1.2 Theoretical Background . . . . . . . . ... ... L 6
1.2.1 Pleistocene glaciations . . . . . . ... ... ... ... 6

1.2.2 Glacial isostatic adjustment and Holocene sea level change 8

1.2.3 Post-glacial landscapes . . . . . . .. .. .. ... 9

1.2.4 Quantifying landscape denudationrates . . . . . .. ... .. 12

1.2.5 Therole of sedimentgrainsize . . . . .. .. ... ...... 13

1.2.6 Therole of coastal erosion and sea-level rise on channel incision 16
1.3 Research objectives and thesisoutline . . . . . .. ... ... .... 18

2 Denudation rates and Holocene sediment storage dynamics inferred

from in-situ '“C concentrations in the Feshie basin, Scotland 20
21 Introduction . . . . . . .. . ... 21
22 Studyarea . . . . . . .. 25
2.3 Materialsand methods . . . . . ... ... .. ... .. ... 31
2.3.1 1%C sediment sampling and processing . . . . .. ... ... 31
2.3.2 Basin-averaged topographic parameters . . . . . . . .. ... 36
2.3.3 Terracemixingmodel . . .. .. .. ... ... ........ 37
2.3.4 Methods for calculating erosion rates from sediment fluxes . . 45
24 Results. . . . . . e 46
2.4.1 Overview of inferred denudationrates . . . . ... ... ... 46

Vii



viii

2.4.2 Relationships between apparent erosion rates and basin-averaged

topographic parameters . . . . . . ..o 48
2.4.3 Terrace mixingmodelresults . . . . . . ... ... ... ... 50
2.4.4 Erosion rates from sedimentfluxes . . . . . . ... ... ... 56
25 Discussion . . . . .. e 59
2.5.1 Relationships between uplift, denudation and slope . . . . . . 59
2.5.2 Variations in the spatial distribution of the inferred denudation
rates . . . .. 60
2.5.3 Terrace migration and terrace ages in Scottishrivers . . . . . 61
2.5.4 Choice of cosmogenic radionuclide to infer denudation rates
in post-glacial landscapes . . . . . . . ... ... ... 63
26 Conclusions . . . . . . .. e e 64
Controls on fluvial grain sizes in post-glacial landscapes 67
3.1 Introduction . . . ... ... ... 68
32 Methods . . . . . . . . .. 72
3.2.1 Grainsizedatacollection . . . .. ... ... .. ....... 72
3.2.2 Grain size extraction methods: PebbleCounts and manual count-
NG « . o o e e e e e 72
3.2.3 Selection of environmental variables . . . . . ... ... ... 79
3.2.4 Random forest regressormodel . . .. ... ... ... ... 81
3.2.5 Flow Competence and sediment entrainment . . . . . . ... 81
33 Results. . . . . . . . 84
3.4 Discussion . . . . .. e e 90
3.5 Conclusion. . . . . . . .. 95

Investigating the response of rivers to coastal erosion and base-level

rise in Southern England 97
4.1 Introduction . . . . . . . . .. 98
42 Studyarea . . . . . . . . . e 101
43 Methods . . . . . . . . 105
4.3.1 Extracting river profiles and lithology . . . . . . . .. .. ... 105
432 Coastalerosion . . . .. .. ... .. ... 106
4.3.3 Classifying channel outlets: incising versus not-incising . . . . 107
44 Results. . . . . . e 109
4.5 DisCusSioN . . . . .. e 113



4.5.1 Canthe presence/absence of coastal knickpoints be explained
bythemodel? . . . . . .. .. . 113
4.5.2 Canthe model assumptions explain the discrepancies between

expected outcomes and observations? . . . .. ... ... .. 114
46 Conclusions . . . . . . . . 116
5 General discussion and conclusions 118

5.1 What controls post-glacial denudation rates in the Scottish mountain

FANQGES? . . . e e e e e e e e 118
5.1.1 Post-glacial fluvial bedrock incision . . . . . . ... ... ... 118
5.1.2 Tracking the paraglacial sedimentload . . . . . ... ... .. 120

5.2 What controls the grain size of modern river sediments in Scotland? . 122
5.3 How do rivers respond to coastal erosion and sea-level rise in South-

ern England? . . . . ..o 123

5.3.1 Wider Implications . . . . ... ... ... 125

5.4 ThesisConclusions . . . . . . . . .. ... ..o 127
Appendices

A 130

B 138



Figures and Tables

Figures

1.1

1.2
1.3
1.4
1.5

2.1
2.2

2.3
2.4
2.5
2.6
2.7
2.8

2.9

2.10
2.11
2.12

3.1
3.2

3.3

3.4

3.5

Map of the maximum land ice extent and photographs of post-glacial

geomorphic landforms . . . . ... Lo oL o
Maps showing RSL change and vertical land motion. . . . . . . ... ..
Paraglacial sediment exhaustionmodel . . . . . . .. .. ... ... ..
Diagram illustrating grain size dynamics in erosional landscapes . . . . .
Diagram showing sea-level change and knickpoint formation . . . . . . .

Elevation map of Glen Feshie with CRN sample locations . . . . . . . ..
Maps and photographs showing lithology and post-glacial geomorphic
processes in the Feshiebasin . . . . . . . ... ... ... ...,
Images showing channel change along the Feshie. . . . . . .. ... ..
Diagram showing the terrace mixingmodel . . . . . . . . . ... ... ..
Graph showing water discharge trends in the Feshie basin . . . . . . ..
Diagram showing the methodology used to infer terrace bank height . . .
Map and graph showing apparent erosion rates in the Feshie basin . . . .
Graphs showing relationships between denudation rates and catchment-
averaged topographic parameters . . . . . ... ...,
Maps and graphs showing terrace heights along the Feshie river . . . . .
Graphs showing terrace elevations and '“C concentrations . . . . . . . .
Graphs showing the mixing modelresults . . . . . . ... ... ... ..
Graphs showing erosion rates and sediment fluxes in the Feshie basin . .

Maps and photographs showing surveyed grain size locations . . . . . .
Figures showing comparisons between PebbleCounts and the control data-

Figures showing the obtained sediment grain sizes from Scotlands Big
Sediment Survey . . . . ..
Graph showing Spearman’s correlations between grain size and environ-
mentalvariables . . . . . . . ...
Results from the random forest regressor analysis . . . . . . . . .. ...

7

8
10
14
17

28

29
30
40
42
42
48

50
52
53
56
58

75

78

85



3.6 Graphs showing flow competenceresults . . . . . . ... ... ... .. 89
3.7 Diagrams illustrating the post-glacial sediment grain size model . . . . . . 93

4.1 Diagrams illustrating the effects of sea-level rise and coastal erosion on

river outlet morphology . . . . . .. ..o 103
4.2 Maps of Southern England showing present-day rates of relative sea level

changeandgeology . . . . . . . . . .. 104
4.3 Channel profiles with knickpoints . . . . . . .. .. ... ... .. .... 108
4.4 kg, distributions and y profiles of rivers in Southern England . . . . . . . 111
4.5 Graphs showing the relationships between river outlet type, drainage area

and lithology foreach locality . . . . . . . ... ... ... ........ 112
A.S1 Map showing channel steepness across the entire Feshie basin . . . . . 131
A.S2 Graph showing flood return periods in the Feshie basin . . . . . . . ... 132
A.S3 Hydrograph of the 2009 flood event. . . . . . . . . .. ... . ... ... 133
A.S4 Graph showing rainfall data at the Feshiebridge gauging station . . . . . 134
A.S5 Histogram of the terrace heights above the channel . . . . . .. ... .. 134
A.S6 Graphs showing mixing model results for samples not presented in the

maintext . . . . . . . . e 135
A.S7 Mixing model sensitivity analysis . . . . . . . .. ... .. oL 136
A.S8 Photographs of debris flows in the Feshie basin . . . . . ... ... ... 137
B.S1 Map showing additional grain size results fromSBSS . . . .. .. .. .. 140
B.S2 Map of Scotland showing bedrock erodibility . . . . . . . . ... ... .. 141
B.S3 Results from the Random Forest Regressor analysis for the d50 . . . . . 141
B.S4 Graphs showing additional flow competenceresults . . . . . . . ... .. 142
Tables
2.1 Parameters used in CRN calculations . . . . .. ... ... ....... 36

2.2 14C sample details, & blank-corrected '*C concentrations, and modelled
erosion rates from CAIRNand CRONUS . . . . . . .. ... ... .. .. 47

3.1 Description of environmental variables and their data sources. . . . . . . 80

A.S1 Description of symbols used to calculate denudationrates . . . . . . .. 130



Xii

A.S2 Sensitivity of terrace concentrations to variations in terrace elevation . . . 132

B.S1 Details of samples used to compare PebbleCountsAuto to the manually
measured controldataset . . . . . . . ... .. oL 138

B.S2 Sensitivity of PebbleCounts-derived grain size measurements to variations
incameraheight. . . . . . . . . ... L 139



Chapter 1

Introduction

1.1 Overview

Variations in the Earth’s climate have driven cyclic global glaciations (Lisiecki and
Raymo, 2005). Throughout the Quaternary, ice sheets and glaciers episodically ex-
panded to cover up to 30 percent of the Earth’s surface (Ehlers et al., 2018). Many of
these areas are now ice-free due to climatic warming after 14.5 ka (e.g., Ehlers et al.,
2018; Lisiecki and Raymo, 2005). Such areas represent a significant fraction of global
land (e.g., most of the UK, Scandinavia, North America) and their extent will inevitably
grow as a result of glacial retreat driven by climate change.

Rivers are the main archives of change in post-glacial landscapes. Rivers drive land-
scape evolution by setting the base level for hillslope processes through incision into
bedrock, and by transporting material from its source region (e.g. mountain ranges)
to sedimentary sinks (Attal et al., 2015; Howard and Kerby, 1983; Sklar and Dietrich,
2006; Whipple, 2002; Whittaker, 2012). Rivers communicate variations in external
drivers of landscape change, such as climate, sea-level and tectonics, to the rest
of the landscape by the upstream propagation of transient signals. These transient
signals are referred to as knickpoints (or knickzones) and are marked by a change in
the steepness of channel profiles (Stock and Montgomery, 1999; Whipple and Tucker,
1999).

The fluvial response to past glaciations is notoriously complex. Key challenges asso-
ciated with understanding geomorphic processes in post-glacial landscapes include
the decoupling of hillslopes from channels due to the over-deepening and widening
of valleys by glaciers, and extensive glacial and paraglacial sediment drapes (e.g.,
till, moraines, terraces) acting as sediment stores along rivers (Ballantyne, 2019;
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Whitbread et al., 2015). A key area of research is therefore understanding the long-
term adjustment of post-glacial landscapes. However, relatively little work has fo-
cused on understanding post-glacial landscape processes in tectonically quiescent
regions due to their complexity. A significant portion of geomorphological research
has concentrated on unglaciated landscapes in active tectonic margins. Emerging
research suggests that post-glacial landscapes in post-orogenic terrains are largely
influenced by the glacial legacy more than 10 ka after deglaciation (e.g., Ballantyne,
2002; Church and Ryder, 1972; Johnson et al., 2022; Mason and Polvi, 2023; Reid
et al., 2022). For example, by quantifying valley shape, Prasicek et al. (2015) found
that, in contrast to rapidly uplifting regions such as Taiwan, where glacially modified to-
pography is rapidly replaced by fluvial topography, the glacial imprint lasts for millions
of years in tectonically quiescent regions. These preliminary studies therefore indicate
that underlying geomorphic principles are ill-equipped for understanding post-glacial
landscapes.

The British Isles have been in a phase of glacial isostatic adjustment since the disap-
pearance of the British-Irish Ice Sheet and complete deglaciation following the Loch
Lomond Stadial/Younger Dryas around 12 ka ago (Ballantyne, 2019; Clark et al.,
2018; Firth and Stewart, 2000; Shennan et al., 2009). Relative sea-levels have largely
been falling in Scotland, and rising in Southern England. Studies have shown that
base-level fall has driven the formation of retreating bedrock knickpoints in Scotland
(Castillo et al., 2013; Jansen et al., 2011). These knickpoints are clustered around
Scotland’s coastlines, implying that the fluvial response to high uplift rates has not
yet been transmitted to the central Scottish mountain ranges. The extent and times-
cales of the post-glacial legacy remain poorly quantified in Scotland and relatively
little is known about the rates and controls on denudation and sediment budgets.
Understanding the delivery of sediments through river basins is important because
sediments influences river morphology, hazards (e.g., flood risk), habitat value (e.g.,
spawning of salmonids) and landscape response to climatic and tectonic forcings
(Attal and Lavé, 2006; Finnegan et al., 2017; Sklar and Dietrich, 2006; Thapa et al.,
2024).
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Studies have shown that knickpoints are generated in regions where relative base-
levels are rising, or where there is no relative base-level change (Limber and Barnard,
2018; Snyder et al., 2002). In coastal settings, waves that cut into the channel bed
at the river mouth can lead to the initiation of a hanging waterfall (i.e. a knickpoint)
that discharges directly into the ocean. Channel incision then erodes the landscape
vertically and can translate the knickpoint upstream. In Southern England, where sea-
levels have been rising throughout the Holocene, relatively little is known about the
response of rivers to coastal erosion (Shadrick et al., 2022; Shennan et al., 2000).
This research is important because it explores the relationships between coastal
erosion and fluvial processes.

In the first part of this thesis (Chapter 2), | explore the controls on erosion rates in the
Feshie basin, which is located in post-glacial Cairngorm Mountains. | measure the
concentration of detrital cosmogenic radionuclides (CRN) in stream sediments, which,
in recent decades, have been widely used to quantify catchment average denudation
rates over millennial timescales (e.g. Bierman, 1994; Brown et al., 1995; Granger
et al., 1996; von Blanckenburg, 2005). Rates derived from CRNs typically reflect
the weathering, erosion and fluvial transport of hillslope sediments which have been
linked to climatic and/or tectonic controls in active orogenic settings (e.g. Bookhagen
and Strecker, 2012; Godard et al., 2014; Safran et al., 2005; Scherler et al., 2014). To
understand these wider controls of climate and/or tectonics on landscape evolution,
studies have correlated CRN-derived erosion rates to upstream catchment charac-
teristics, such as channel steepness and uplift rates (e.g. Cyr et al., 2010; Delunel
et al., 2020,1; Harel et al., 2016; Wittmann et al., 2007). In the first research chapter,
| test two hypotheses. The first hypothesis is that apparent erosion rates positively
correlate with topographic metrics, such as channel steepness, and uplift rates to the
first order in the Feshie basin. The second hypothesis is that CRN concentrations
represent a mix of ‘background’ hillslope sediment and paraglacial terrace sediment.
| consider these two scenarios as end-member hypotheses: one in which rivers have
incised through the glacial drape and adjusted to regional uplift rates, and the other
where sediment is recycled from paraglacial deposits with little modification of the
underlying bedrock.
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In the second research chapter (Chapter 3), | will continue to investigate the controls
on sediment characteristics in post-glacial landscapes. Here, | will document and
explore the controls on fluvial surface grain sizes across Scotland. Grain sizes are
a key characteristic for understanding fluvial environments. For example, grain sizes
influence river transport conditions, provide information on sediment sources, control
rates of bedrock incision (e.g., Sklar and Dietrich, 2004) and the width of channels
(e.g. Baynes et al., 2020; Finnegan et al., 2005; Li et al., 2020a). The grain sizes
of sediments in channels have been linked to landscape characteristics, such as flow
distance from headwaters, topographic relief, lithology and climate, in landscapes with
little past or present glacial influence. Few studies have explored the controls on sed-
iment characteristics in formerly glaciated landscapes. In this chapter, | will document
river surface grain sizes across Scotland through a citizen science survey. | will then
investigate whether grain sizes can be correlated and predicted from environmental
variables, that have been suggested to control grain sizes in landscape with little past
or present glacial influence.

In the third part of this thesis, | explore the response of rivers to base-level rise (which
is largely driven by GIA) and coastal erosion in Southern England. Emerging research
has shown that coastal erosion can initiate the formation of migrating knickpoints (e.g.,
Limber and Barnard, 2018; Mackey et al., 2014; Snyder et al., 2002). Waves that cut
into the channel bed at the river mouth can lead to the initiation of a hanging waterfall
that discharges directly into the ocean (Emery and Kuhn, 1982; Mackey et al., 2014;
Snyder et al., 2002; Wolinsky and Murray, 2009). Rivers can then translate these
waterfalls upstream as migrating knickpoints. Through topographic analysis, | test if
channels in Southern England incise at their outlets. | then explore the controls on
knickzones, such as drainage area, lithology and coastal erosion rates.

Below | present the overarching research questions which this thesis will aim to
address:

1. What controls sediment characteristics in post-glacial and post-orogenic re-
gions such as Scotland ?
(@) What controls denudation rates and CRN concentrations in Scottish moun-
tain ranges ?
(b) What controls the grain size of river sediments in Scotland ?
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2. How do rivers respond to coastal erosion and sea-level rise in Southern Eng-
land ?

Below, | present a broad introduction to each of these topics and outline the scope of

the central chapters of this thesis.
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1.2 Theoretical Background

1.2.1 Pleistocene glaciations

The Quaternary Period comprises the Pleistocene Epoch (2.59 Ma to 11.7 ka) and
the Holocene Epoch (11.7 ka to the present, (Lisiecki and Raymo, 2005)). The Qua-
ternary was characterised by extreme climatic shifts. These caused the alternation
between glacial stages, when much of the UK experienced climates of arctic severity,
and interglacial stages, when warmer and more temperate conditions prevailed (Bal-
lantyne et al., 2021). During these glacial cycles, most of the UK was covered in ice
except much of the land south of the River Thames in southern England (Figure 1.1).

Whilst the main topographic features of the UK were established before the Qua-
ternary, such as the spatial organisation of drainage basins, successive glacial cycles
modified the landscape through erosion and deposition (Linton, 1949). Glacial erosion
is largely controlled by the basal thermal regime, which influences the rates of both
abrasion and plucking (e.g., Hallet, 1979; Hallet et al., 1996; Herman et al., 2021). A
glacier is classified as cold-based, in which the basal ice is frozen to the bed, or warm-
based, in which the basal ice is at the pressure melting point, or polythermal. It is
typically assumed that glacial erosion occurs exclusively below warm-based glaciers:
basal sliding is limited under cold-based glaciers because ice is largely frozen to
the bed, whereas warm-based glaciers can actively slide along the bed, and thus
erode via abrasion and plucking (Benn and Evans, 2014; Hallet, 1979; Hallet et al.,
1996). Erosion by warm-based glaciers is far more efficient than fluvial erosion and
can significantly outpace rock uplift rates, creating "U" shaped valleys which have
steep sides and wide valley floors (Figure 1.1). Widespread glaciogenic deposits (e.g.,
moraines, till) form following the removal and re-distribution of rock mass by ice.
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Figure 1.1: (a) Map of the maximum land ice extent during the Last British-Irish Ice
Sheet. Ice extent shapefiles were sourced from Clark et al. (2018). (b-c) Photographs
of post-glacial geomorphic landforms, such as glaciogenic deposits (photograph b;
River Strathain, North-west Highlands) and U-shaped valleys (photograph c; Lairig
Ghru, Cairngorm Mountains, sourced from Ryan Ing). Scarp in (b) is approximately
10 m high. (d) Example of glacially-modified drainage networks. Map is of the
western Cairngorms with modern channel network marked in blue. The pre-glacial (as
hypothesised by Linton (1949)) and post-glacial drainage basin of the Feshie river is
marked in red and black, respectively. Many rivers exhibit anomalous, elbow-shaped
features which are indicative of glacially-modified topography. The stars marked on
(b-d) correspond to the location of the stars on (a). River network was sourced from
the Ordnance Survey (2021).
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1.2.2 Glacial isostatic adjustment and Holocene sea level change

The growth and retreat of ice sheets throughout the Quaternary raised and lowered
sea levels (Chappell et al., 1996; Lea et al., 2002; Spratt and Lisiecki, 2016). Vertical
land motion, which is primarily driven by glacial isostatic adjustment (GIA) and eu-
static sea-level change, has resulted in considerable spatial and temporal variations
in the relative sea-level (RSL) change rate of the British Isles. GIA is defined as the
visco-elastic reaction of the solid Earth to the glaciation and deglaciation of its surface
(Stockamp et al., 2016). Figure 1.2 shows a reconstruction of present-day rates of
RSL change and vertical land motion by Bradley et al. (2023). Present-day RSLs are
generally falling in Scotland and rising in Southern England. Rates of RSL change
peaked during deglaciation, with base-level fall rates of up to 30 mm/yr in the western
Highlands (Shennan et al., 2000).

Figure 1.2: lllustration of the present-day rates (mm/yr) of RSL change (a) and vertical
land motion (b). These reconstructions are taken directly from Bradley et al. (2023).
The black line marks the zero-contour line.
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1.2.3 Post-glacial landscapes

The withdrawal of glacier ice exposes landscapes that are unstable and consequently
liable to rapid and extensive environmental change. In their seminal paper, Church
and Ryder (1972) defined such systems as paraglacial, which describes "nonglacial
processes that are directly conditioned by glaciation". A core theme of the paraglacial
concept is the overall long-term decline in sediment fluxes. Ballantyne (2002) presen-
ted this idea as a conceptual sediment exhaustion curve, whereby sediment flux is
related to the amount of remaining ‘available’ sediment by a negative exponential
function (Figure 1.3). Ballantyne (2002) further classified paraglacial landscapes as
‘primary’ or ‘secondary’ depending on whether sediments are sourced from in-situ
glacigenic sediment (e.g., slope failure from deglacial stress release), and/or the
reworking of paraglacial sediment stores from further upstream, respectively. The
reworking of sediment can result in ‘waves’ of sediment travelling through basins,
creating a more complex sediment exhaustion curve with secondary peaks. Similarly,
extrinsic drivers (e.g., extreme precipitation) of sediment release and incision will
result in episodic sediment yields (Figure 1.3).

The post-glacial response is largely governed by climate, tectonics and topography
before, during and after glaciation (Adams and Ehlers, 2018). Following the recent
development of quantitative geomorphic tools (e.g., CRN erosion rates, DEMs), stud-
ies have tested the conceptual post-glacial landscape evolution processes discussed
above. Studies have shown that fluvial systems in post-orogenic regions can be
dominated by post-glacial processes > 10 ka after glaciation. For example, Reid et al.
(2022) showed that glacial landscape configuration influences channel response to
flooding in the Guichon basin, British Columbia, Canada, approximately 10 ka years
after glaciation. Through analysis of aerial and satellite imagery, they demonstrated
that channel planform instability was significantly higher downstream of reaches that
received large volumes of sediment from glaciofluvial terraces. This contrasted to
reaches that did not receive material from glaciofluvial terraces where no major changes
in channel widths were observed. Mason and Polvi (2023) also suggested that the
Pleistocene glacial legacy dominated present-day geomorphic processes in their study
area in Fennoscandia, northern Sweden. Unlike non-glacial landscapes, they found
that rivers showed very little self-organisation at the reach-scale. Specifically, no as-
sociations were found between channel width, slope and sediment grain size. For
example, boulders were rarely clustered into bedforms, such as step-pool sequences,
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Figure 1.3: (A) shows a schematic diagram of the simple paraglacial sediment
exhaustion model, modified from Ballantyne (2002). Sediment yields are shown
to decline towards a conceptual ‘geological norm’, which is assumed to represent
steady-state pre-glacial conditions. (B) shows paraglacial sediment release as a
function of external perturbations, such as extreme rainfall, which triggers pulses of
renewed sediment release.
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which are typical of boulder-bed mountain rivers in non-glaciated landscapes (e.qg.,
Church and Zimmermann, 2007; Montgomery and Buffington, 1997). By estimating
the volume of sediment stored in catchments through LiDAR and seismic profiles,
Johnson et al. (2022) suggested that the post-glacial legacy dominates landscape
evolution in the Teton range, Wyoming, USA. Whilst the estimated hillslope sediment
production rates (0.17 mm/yr) were found to be similar to the uplift rates, the fluvial
denudation rates were significantly lower (0.004 mm/yr). They concluded that the
flattening of valley floors by glaciers results in highly inefficient fluvial systems, with
reduced stream power and sediment transport capacity.

The above discussion suggests that fluvial systems in post-orogenic regions can be
dominated by post-glacial processes >10 ka years after glaciation. In contrast to these
studies, other studies have suggested that late Holocene geomorphic processes in
some post-glacial regions are largely not governed by the glacial modification of
topography due to the styles of glaciation (i.e., lack of modification by glaciers) and/or
post-glacial tectonics (i.e., rapid uplift). For example, by quantifying valley shape,
Prasicek et al. (2015) found that glacial topography is rapidly replaced by fluvial
topography in Earth’s most rapidly uplifting regions, such as Taiwan. Adams and
Ehlers (2018) found that CRN-derived erosion rates match rock uplift rates in the post-
glacial Olympic Mountains, USA. Moreover, they found that erosion rates correlate
with topographic metrics, such as channel steepness, similar to observations from
non-glaciated landscapes, and that erosion rates do not show any discernible trends
with the estimated Pleistocene glacial imprint. They suggested that past glaciations
have not radically altered the topography enough to drastically change the pattern of
erosion.

The extent and timescales of the post-glacial legacy remain poorly quantified in Scot-
land. Relatively little is known about the rates and controls on post-glacial denudation
rates and sediment budgets.
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1.2.4 Quantifying landscape denudation rates

Sediment delivery to river networks influences their morphology and dynamics. For
example, increased sediment deposition can reduce the capacity of channels to con-
tain floodwaters which can lead to an increase in flood hazard (Raven et al., 2009;
Slater et al., 2015; Stover and Montgomery, 2001). Through flood modelling, Thapa
et al. (2024) demonstrated that the estimated flood inundation extent for the Kath-
mandu Valley, Nepal, is up to 50% higher when sediment is included. Quantifying
denudation rates and sediment delivery into rivers is therefore important.

In recent decades, detrital cosmogenic radionuclides (CRN) in stream sediments
have been widely used to quantify catchment average denudation rates over millen-
nial timescales (e.g. Bierman, 1994; Brown et al., 1995; Granger et al., 1996; von
Blanckenburg, 2005). In fact, there are now more than 4000 published CRN-derived
denudation rates (Codilean et al., 2022). Rates derived from long-lived isotopes, such
as 'Be (half-life of ~ 1.39 Myr, Chmeleff et al. (2010)), reflect the weathering, erosion
and fluvial transport of hillslope sediments which have been linked to climatic and/or
tectonic controls in active orogenic settings (e.g. Bookhagen and Strecker, 2012;
Godard et al., 2014; Safran et al., 2005; Scherler et al., 2014). Cosmogenic nuclides
are produced when secondary cosmic rays interact with the upper 1-2 meters of the
Earth’s surface. This means that the measured concentrations record an integrated
denudation history while material passes through this depth interval. Moreover, the
integration timescales are calculated by dividing the denudation rate by the absorption
depth scale (Lal, 1991). For example, the characteristics integration timescales of
10Be-derived erosion rates vary between 102 years for mountainous regions located
in active margins, and 10° years for post-orogenic, low-relief landscapes (von Blanck-
enburg, 2005). To understand these wider controls of climate and/or tectonics on
landscape evolution, studies have correlated CRN-derived erosion rates to upstream
catchment characteristics, such as channel steepness, temperature and uplift rates
(e.g. Cyr et al., 2010; Delunel et al., 2020,1; Harel et al., 2016; Wittmann et al., 2007).

Studies on post-glacial fluvial incision rates in Scotland have largely focused on bed-
rock knickpoints. Changes in the steepness of channel profiles are referred to as
knickpoints or knickzones and are extensive in transient landscapes (Knopf, 1924;
Whipple and Tucker, 1999). The upstream propagation of knickpoints is an important
mechanism for channel incision and it communicates changes in external drivers such
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as climate, sea level and tectonics throughout a landscape. Castillo et al. (2013),
Bishop et al. (2005) and Jansen et al. (2010) showed that glacio-isostatic rebound
during the Holocene has driven the formation of retreating bedrock knickpoints. These
knickpoints remain largely clustered around Scotland’s coastlines, which implies that
the high rates of isostatic uplift have not been transmitted to the central Scottish
ranges. By cosmogenic exposure dating of strath terrace surfaces, Jansen et al.
(2011) demonstrated that the retreat rates of knickpoints associated with base-level
fall in western Scotland peaked in the early to mid Holocene (maximum knickpoint
retreat rate of 790 mm/yr), and have since decreased by two orders of magnitude (<
20 mm/yr). Similar trends were also observed from inferred vertical incision rates from
strath terraces and channel bed sites, with Late Holocene rates between 0.07 - 0.24
mm/yr. The location of these knickpoints has been shown to depend on drainage
area. For example, the location of knickpoints in small drainage basins (107 m?)
is currently 100m inland, whereas in larger drainage basins (108 mz), knickpoints
are located 1000m inland (Jansen et al., 2011). Jansen et al. (2011) inferred the
observed slowing of post-glacial knickpoint retreat and vertical incision in western
Scotland to the depletion of paraglacial sediment supply over the Holocene, leading
to a deficiency in sediment "tools" for bedrock erosion. Relatively little is known about
the rates and processes controlling denudation in Scotland’s central mountain ranges.

1.2.5 The role of sediment grain size

Bedload grain sizes are a key characteristic for understanding fluvial environments.
Sediment grains can act as abrasive tools that enable rivers to incise through the un-
derlying bedrock (the ‘tools effect’) but in large amounts, sediment can cover bedrock
and thus insulate the bed from erosive forces (the ‘cover effect’, Sklar and Dietrich,
1998, 2001; Whipple and Tucker, 2002). Positive and negative feedbacks link grain
size and topographic evolution. For example, rivers supplied with coarser particles
and larger sediment volumes must be steeper to both transport the imposed sedi-
ment load and incise into the underlying bedrock (e.g., Cook et al., 2013; Finnegan
et al., 2017; Sklar and Dietrich, 2004). Sediments therefore play a fundamental role in
mediating the relief of river basins, which, in turn, affects local climate and erosional
processes that control sediment production on hillslopes (i.e., a positive feedback
effect).
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Figure 1.4: Schematic diagram illustrating grain size dynamics in erosional land-
scapes. Diagram is taken directly from Sklar (2024).

Initial hillslope grain size distributions delivered to rivers are controlled by fragmenta-
tion, weathering and rock mass structure (e.g., Sklar, 2001; Sklar et al., 2017; Wells
et al., 2008). Individual sediment particles then reduce in size, primarily by abrasion,
during downstream fluvial transport (Sternberg, 1875). The distributions of fluvial
grain sizes have therefore been correlated to the longitudinal flow distance along a
channel (e.g., Gomez et al., 2001; Moussavi-Harami et al., 2004; Rice and Church,
1998; Sklar et al., 2006). Downstream fining trends can be offset by variations in
the supply of sediment (e.g., sediment input from landslides and tributaries) and the
transport ability of a channel (e.g., Attal and Lavé, 2006; Attal et al., 2015; Sklar et al.,
2006).
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A handful of studies have further explored the effects of landscape characterist-
ics, such as topography, lithology and climate, on the size distributions of channel
sediments at the local-scale through field observations and topographic analysis.
For example, hillslope gradient has been shown to be one of the most important
topographic controls on grain sizes (Sklar et al., 2017), and several studies have
shown fluvial grain sizes to increase with hillslope steepness (e.g., Attal et al., 2015;
Purinton and Bookhagen, 2021; Whittaker et al., 2010). Attal et al. (2015) found
hillslope grain sizes increase with hillslope steepness and erosion rates in the Feather
River basin, Northern California. They showed an increase in the channel sediment
grain sizes to arise from an increase in the flow competence (i.e., ability of a river
to transport sediment) and changes in hillslope sediment sources from soil-mantled
to mass-wasting processes (e.g., landslides, debris flows). A similar trend was doc-
umented by Whittaker et al. (2010) in the Appenine Mountains of ltaly, whereby
coarser fluvial grain sizes were measured in landslide-dominated areas. Likewise, the
importance of lithology in controlling bedload characteristics, including grain sizes,
has been demonstrated by several studies (e.g., Mueller and Pitlick, 2013; Purinton
and Bookhagen, 2021; Sklar et al., 2020). For example, Mueller and Pitlick (2013)
showed that more erodible rock types, such as sedimentary rocks, were associated
with higher sediment yields in comparison to more resistant rocks, such as granitic
rocks, in the Rocky Mountains, USA.

Studies have tested the predictability and controls of fluvial grain sizes and sedi-
ment substrate cover at large spatial scales by documenting sediment characteristics
across multiple basins with gradients in topography, lithology, climate and hydrology
(Abeshu et al., 2021; Haddadchi et al., 2018; Mugodo et al., 2006; Snelder et al.,
2011). Given the large spatial extent of these studies, they have focused on applying
data-driven machine learning techniques, such as a random forest regressor. These
empirical models have used readily available environmental variables that broadly re-
flect each locality’s upstream network structure and sediment source characteristics,
such as flow distance, basin slope, lithology and precipitation indices. Snelder et al.
(2011) found that surface grain sizes could be reasonably well predicted for rivers
across France which, outside high mountain environments, have largely not been
glaciated. Their study found an 72 value of 0.52 between the observed and predicted
values, and identified channel slope, basin averaged slope and rock hardness to be
the most important variables controlling the modelled grain sizes.
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Research into controls on bedload grain sizes has largely focused on landscapes
with no past or present glacial influence. A key research avenue therefore includes
exploring the applicability of global predictive grain size models, such as that proposed
by Snelder et al. (2011) which was tested in a largely non-glaciated landscape, to
post-glacial landscapes.

1.2.6 The role of coastal erosion and sea-level rise on channel
incision
Migrating knickpoints are commonly associated with base-level fall, which occurs from
a drop in base-level and/or an increase in the rate of rock uplift (e.g., Castillo et al.,
2013; Crosby and Whipple, 2006; Jansen et al., 2011; Whipple and Tucker, 1999;
Whittaker, 2012). As discussed, studies have shown that glacio-isostatic rebound
during the Holocene has driven the formation of retreating bedrock knickpoints in
Scotland (Castillo et al., 2013; Jansen et al., 2011). Knickpoints can also form due to
changes in lithology, such as a channel cutting across a lithological contact from less

to more resistant rock (Forte et al., 2016; Haviv et al., 2010; Stock and Montgomery,
1999).

Coastal erosion, which is more prevalent in regions where relative base-levels are
rising (Shadrick et al., 2022), can also initiate the formation of migrating knickpoints
(e.g., Hackney et al., 2015; Leyland and Darby, 2009; Limber and Barnard, 2018;
Mackey et al., 2014; Snyder et al., 2002). These knickpoints have received comparat-
ively little study, however. Waves that cut into the channel bed at the river mouth can
lead to the initiation of a hanging waterfall that discharges directly into the ocean
(Emery and Kuhn, 1982; Mackey et al., 2014; Snyder et al., 2002; Wolinsky and
Murray, 2009). Channel incision erodes a landscape vertically and can translate the
waterfall upstream as a migrating knickpoint.

The nearshore channel slope is a fundamental control on knickpoint formation; when
the land is steep, wave erosion can create cliffs (Limber and Barnard, 2018; Snyder
et al., 2002). The nearshore channel slope can be expressed by basic fluvial geo-
morphometry laws (Flint, 1974; Limber and Barnard, 2018; Snyder et al., 2002). It
has long been established that rivers tend to evolve towards an equilibrium, charac-
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terised in locations with uniform lithology by a channel gradient that decreases with
increasing drainage area (Flint, 1974). Recent studies have thus related the occur-
rence of knickpoints generated through coastal erosion to specific river geometries
(Limber and Barnard, 2018; Snyder et al., 2002). If there is sufficient wave energy,
coastal erosion can erode the outlets of small channels because they are inherently
steeper, creating cliffs with waterfalls. These waterfalls may then migrate upstream as
knickpoints (Limber and Barnard, 2018). Overall, relatively little is known about the
large-scale applicability of this model to channels in Southern England. Studies have
instead focused on understanding the effects of coastal erosion and sea-level rise at
the local scale (Leyland and Darby, 2009; Quinn et al., 2013).

Figure 1.5: Schematic showing sea-level change and knickpoint formation. Panel (A)
shows a longitudinal channel profile (black line) that flows to the sea (blue line). In a
scenario where relative seal-level falls, a knickpoint develops (Panel B). Knickpoints
from base-level fall have been observed in Scotland (Castillo et al., 2013; Jansen
et al., 2011). Knickpoints can also develop from coastal erosion, which is associated
with sea-level rise (Panel (C), Limber and Barnard (2018); Shadrick et al. (2022);
Snyder et al. (2002)). Diagrams are not to scale.
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1.3 Research objectives and thesis outline

The main chapters of this thesis (Chapters 2- 4) are written in the form of research
papers that have either been, or shortly will be, submitted to journals. As such, each
of these chapters serve as stand-alone documents covering separate topics, but
each contributing to addressing the overarching aim of this thesis. That is, to in-
vestigate geomorphic processes in tectonically quiescent landscapes influenced by
past glaciations. Chapters 2 and 3 explore sediment sources and transport in post-
glacial landscapes. Chapters 2 and 4 explore how base-level change, which is largely
driven by the glacial isostatic adjustment, influences the evolution of fluvial systems
in Britain.

1. Chapter 2 explores the controls on Holocene denudation rates and sediment stor-
age dynamics inferred from in situ '*C concentrations in the Feshie basin, Scotland

2. Chapter 3 explores the controls on fluvial sediment grain sizes across Scotland.

3. Chapter 4 investigates the response of rivers to coastal erosion and sea-level rise
in Southern England

4. Chapter 5 discusses the findings of the previous chapters and places them in the
context of the wider body of research in geomorphology.

The contributions | have made to each of these documents is clearly outlined at the
start of each chapter.






Chapter 2

Denudation rates and Holocene
sediment storage dynamics inferred
from in-situ '“C concentrations in the
Feshie basin, Scotland

Sediment samples for 14C analysis were collected by Anya Towers, Simon Mudd, Mi-
kael Attal and Fiona Clubb. Sample preparation and !“C extraction was performed at
the University of Cologne, Germany, and ETH Zlrich, Switzerland, by Steven Binnie,
Tibor Dunai and Negar Haghipour. | conducted the data analysis (e.g., DEM analysis,
flood modelling, terrace mixing model) and led the writing of the manuscript. Simon
Mudd wrote the code and text for calculating erosion rates (i.e., CAIRN) and '*C
concentrations of terrace columns.

This chapter has been published in Earth Surface Processes and Landforms (http://
dx.doi.org/10.1002/esp.70043).
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Abstract

Scotland’s Highlands are tectonically quiescent but have experienced high rates of
isostatic uplift in response to deglaciation. To understand the effects of both de-
glaciation and regional uplift on landscape evolution, we measured the concentra-
tion of cosmogenic in situ '*C in river sands collected in Glen Feshie (Cairngorms).
Like other terrestrial cosmogenic radionuclides, in situ '*C can be used to calcu-
late basin-wide denudation rates over millennial timescales. '“C has a short half-life
relative to other in sifu cosmogenic radionuclides, giving it an advantage in post-
glacial landscapes: very little '“C will be inherited from exposure before glaciation
of the landscape, meaning that concentrations will reflect sediment production and
transport in the Holocene. When we calculate denudation rates based on the common
assumption of basin-wide homogeneity of erosion, we find no correlation between
topographic metrics such as the normalised channel steepness index and inferred
denudation rates, which range between 0.175 and 1.356 mm/yr. Based on field and
remote sensing observations, we suggest that '“C becomes diluted downstream due
to sediment supply from paraglacial terrace material, and develop a mixing model
to test this hypothesis. We identify the terraces that are likely to contribute sediment
to the channels through flood modelling, geomorphic mapping and remote sensing
observations. Our mixing model indicates that the observed distribution of '#C con-
centrations can be explained if terrace escarpments have basin-averaged migration
distances of 8 to 30 cm during large flood events. This interpretation is consistent
with remotely sensed images of channel activity and terrace bank retreat within the
catchment. Our results show that paraglacial sediment stores contribute to sediment
fluxes in the late Holocene and highlight the on-going glacial legacy on landscape
evolution.

2.1 Introduction

Sediment delivery to river networks influences their morphology and dynamics. For
example, increased sediment deposition can reduce the capacity of channels to con-
tain floodwaters which can lead to an increase in flood hazard (Raven et al., 2009;
Slater et al., 2015; Stover and Montgomery, 2001). In recent decades, detrital cos-
mogenic radionuclides (CRN) in stream sediments have been widely used to quantify
catchment average denudation rates over millennial timescales (e.g. Bierman, 1994;
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Brown et al., 1995; Granger et al., 1996; von Blanckenburg, 2005). Rates derived
from long-lived isotopes, such as !°Be (half-life of = 1.39 Myr, Chmeleff et al. (2010)),
reflect the weathering, erosion and fluvial transport of hillslope sediments which have
been linked to climatic and/or tectonic controls in active orogenic settings (e.g. Bookha-
gen and Strecker, 2012; Godard et al., 2014; Safran et al., 2005; Scherler et al.,
2014). To understand these wider controls of climate and/or tectonics on landscape
evolution, studies have correlated CRN-derived erosion rates to upstream catchment
characteristics, such as channel steepness, temperature and uplift rates (e.g. Cyr
et al., 2010; Delunel et al., 2020,1; Harel et al., 2016; Wittmann et al., 2007).

Research into controls on denudation has mainly focused on non-glaciated land-
scapes, however, which are typically less complex than formerly glaciated landscapes.
Key challenges associated with understanding geomorphic processes in low-relief,
post-glacial landscapes originate from the preservation of glacially modified topo-
graphy. In these landscapes, hillslopes can be decoupled from channels due to the
over-deepening and widening of valleys by glaciers, and extensive glacial sediment
drapes (e.qg. till, moraines, paraglacial terraces) influence sediment supply and trans-
port capacity (Ballantyne, 2019; Whitbread et al., 2015). In many Scottish river basins,
channel erosion has exposed dramatic paraglacial terraces that appear to be contrib-
uting large quantities of sediment to modern rivers (e.g. Ballantyne, 2019). Scotland
has been in a phase of glacial isostatic rebound since the disappearance of the
British-Irish Ice Sheet and complete deglaciation following the Loch Lomond Sta-
dial/Younger Dryas around 12 ka ago (Ballantyne, 2019; Clark et al., 2018; Firth
and Stewart, 2000; Shennan et al., 2009). Uplift rates are spatially variable across
Scotland, with the highest uplift rates in the central and western Highlands (>1 mm/yr
average over the last 1000 years, Shennan et al. (2009)). Base-level signals propagat-
ing inland from the North Sea do not appear to have transmitted this high uplift
rate to the central Scottish ranges, however, as knickpoints presumed to be caused
by the isostatic rebound are clustered around Scotland’s coastlines (Bishop et al.,
2005; Castillo et al., 2013). Relatively little is known about the rates and processes
controlling denudation in these central ranges.
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In addition to geomorphic complexity, denudation rates are also much more challen-
ging to measure in low-relief, post-glacial landscapes such as Scotland. The use of
long-lived isotopes such as '°Be in these settings is problematic, because repeated
phases of shielding and exposure during past glacial, interglacial and interstadial
periods can lead to !°Be concentrations that are difficult to interpret. For example, in
the high-relief, glacial and post-glacial European Alps, where the median '°Be derived
denudation rate is 0.414 mm/yr (Delunel et al., 2020), denudation rates derived from
10Be typically integrate over millennial timescales. The integration timescales are
calculated by the absorption depth scale, which is generally accepted to be the top
60 cm of Earth’s surface, divided by the denudation rate (e.g. Lal, 1991). Moreover,
inferred denudation rates can be corrected for cosmogenic shielding by snow and
ice (e.g. Mudd et al., 2016) from late Holocene glacial inventories and snow cover
maps. In Scotland, which has a lower relief compared to the European Alps, one
would expect lower denudation rates (e.g. von Blanckenburg, 2005) meaning that
10Be erosion rates would integrate over longer timescales (e.g., a denudation rate of
0.05 mm/yr would integrate over 12000 years). This means that low denudation rates
derived from '°Be may integrate over glacial, interglacial and interstadial cycles (e.g.,
Lateglacial Interstade ~ 14.7 - 12.9 ka, Middle Devinsian before the expansion of the
last British-Irish Ice Sheet ~ 35 ka, Ballantyne et al. (2021)). This leads to the potential
for large amounts of uncertainty in '°Be derived denudation rates. Furthermore, the
recycling of sediment as well as transport of sediment across topographic divides
during multiple phases of glaciation will have occurred in post-glacial landscapes such
as Scotland (Linton, 1949). As a result, sediment grains sampled at a given location
will likely have experienced complex and different histories, making quantification of
the inherited component of the 1°Be concentrations impossible.

In contrast to '“Be, cosmogenic in situ '*C has a short half-life (=~ 5700 years,
(International Atomic Energy Agency, 2024)), which means that inferred denudation
rates from '“C atoms in stream sediments will mainly reflect post-glacial, Holocene
erosion. For example, approximately 90 % of '“C will have decayed after 20,000 years
of complete burial. This technique therefore provides a new opportunity to understand
landscape evolution and rates of erosion in formerly glaciated regions.
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Applying '“C to infer catchment-averaged erosion rates remains limited, however,
because of challenges associated with constraining '*C production rates and ana-
lytical methods, such as sample extraction (see Hippe (2017) for a review). Following
recent advancements in the extraction techniques and scaling of l4c production rates
(e.g. Lifton et al., 2014,2; Lupker et al., 2015), studies have used '“C alongside
10Be to identify complex erosional histories (Hippe et al., 2021; Kober et al., 2019;
Slosson et al., 2022). An exciting application of '“C is the ability to detect short-lived
sediment routing and storage events (100s to 1000s of years) which would not be
detectable in catchments with relatively little sediment storage and/or where erosion
rates are derived from longer-lived isotopes such as 10Be (Hippe, 2017; Slosson et al.,
2022; Wittmann et al., 2011). For example, Slosson et al. (2022) suggested lower
concentrations of 1*C in stream sediments relative to °Be concentrations are caused
by sediment shielding and storage in highly dynamic hillslope talus deposits in the
Argentine Andes.

In this study, we report the first Scottish '#C-derived erosion rates in the post-glacial
catchment of Glen Feshie, a braided, gravel-bedded river with an abundant sequence
of paraglacial terraces and local bedrock sections located in the Cairngorm mountains
of Scotland. We use a nested approach with samples along the main stem and at
the mouth of tributaries to assess the contributions of various geomorphic domains
and the controls on erosion rates. In contrast with tectonically active landscapes with
coupled channels-hillslopes where erosion rates tend to correlate with topographic
metrics such as channel steepness, and uplift rates to the first order (e.g., Harel et al.,
2016; Kirby and Whipple, 2012), we expect that a significant portion of the fluvial
sediment will be sourced from paraglacial sediment stores in our study area (e.g.
Ballantyne, 2002; Church and Ryder, 1972), which will affect “C concentrations. We
may consider these two scenarios as end-member hypotheses: one in which rivers
have incised through the glacial drape and adjusted to regional uplift rates, and the
other where sediment is recycled from paraglacial deposits with little modification of
the underlying bedrock.

To test which of these two scenarios is more consistent with our measured detrital 14C
concentrations, we explore the relationships between CRN-derived sediment fluxes
and basin-averaged topographic parameters, such as channel steepness. We hy-
pothesise that if landscape denudation is driven by active bedrock incision, CRN-
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derived denudation rates should positively correlate with landscape steepness. We
then explore the influence of paraglacial sediment supply on CRN-derived denud-
ation rates by presenting a mixing model which mixes ‘background’ sediment (i.e.,
sediment sourced from basin-wide erosion) with terrace sediment with various '“C
concentrations. We assess the impact of the remobilization of terrace sediment by first
identifying the terraces that are coupled to the channel during high flows. In the model,
we then vary terrace migration distances and terrace '“C concentrations across a
realistic range based on the constraint we have on terrace ages and historical terrace
migration. We assess the sensitivity of the results to these parameters, and combine
these modelling results with our observations to constrain rates and processes of
sediment production in Glen Feshie.

2.2 Study area

The River Feshie is a tributary of the River Spey in the post-glacial western edge of
the Cairngorm Mountains (Figure 2.1). The main channel flows ~ 39 km mainly north-
wards and has a catchment area of ~ 231 km?. The land is managed for mostly moor-
land and woodland, with commercial forestry and farming in the lower reaches. The
catchment typically floods throughout the year and discharges peak during the winter
and spring (maximum annual discharges regularly exceed 40 m3/s at the gauging
station upstream of the confluence with the Spey). The underlying bedrock geology is
composed of Moinian Schist with a small proportion of Cairngorm Granite which un-
derlies the higher ground in the northeast (BGS, 2021). Both of these lithologies have
high concentrations of quartz, making the Feshie basin an ideal setting for studying
the concentrations of in situ '#C. The Feshie is thought to have been deglaciated at
the end of the Late Devensian ~13,000 yr B.P. (Young, 1975). However, it is unknown
whether the catchment was glaciated during the Loch Lomond Stadial/Younger Dryas
(12,900 -11,700 B.P,, Chandler et al. (2019); Sissons (1974)). The area subsequently
experienced isostatic uplift which is estimated to be >1 mm/yr over the past 1000
years (Shennan et al., 2009). The aftermath of the last glaciation can be observed
from features such as the wide, trough-like valleys and paraglacial outwash terraces.
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In comparison to other UK rivers, the Feshie is exceptionally dynamic due to its
abundant sediment supply and flashy flow regime (Rumsby et al., 2008; Williams
et al., 2020).

Studies have suggested the Feshie’s paraglacial terraces represent an initial phase of
net sediment deposition by meltwater streams during glacial retreat (Ballantyne, 2019;
Robertson-Rintoul, 1986; Young, 1976). These thick valley fills were incised through-
out the Holocene leading to terrace formation. Robertson-Rintoul (1986) mapped
the Feshie terraces and assigned the terraces to 5 groups on the basis of soil-
stratigraphic evidence. Robertson-Rintoul (1986) suggested the older, higher terraces
(Groups 1 and 2) formed at 15.6 cal ka BP and 11.5 cal ka BP from soil-stratigraphic
comparisons and assumed deglaciation ages. Furthermore, a radiocarbon age of 4.1
- 3.7 cal ka BP was obtained by Robertson-Rintoul (1986) for charcoal fragments
within a horizon of buried soil in a lower-level terrace (Group 3) in the Lorgaidh basin
(see Figure 2.1 for location of Lorgaidh basin) suggesting the lower-level terraces are
of Late Holocene age (i.e. post-4000 years). The buried soil layer in this terrace (95
cm below terrace surface) suggests episodes of sediment aggradation then incision
during the Late Holocene (Robertson-Rintoul, 1986). All radiocarbon ages reported
here were re-calibrated using the IntCal20 calibration curve and Calib version 8.2
(Reimer et al., 2020). Calibration ranges for individual radiocarbon dates represent
120 (95.4% probability). Ages are calibrated to BP 1950.

Whilst the modern-day dynamics of the terraces remain relatively unconstrained and
there is little quantitative data on the lateral migration of the channel into these ter-
races, field observations and satellite imagery confirm the active nature of the channel
braid plain and that terrace erosion plays a key role in providing sediment to the
channels (Figure 2.2). For example, Figure 2.3 shows tens of meters of bank erosion
between 2006 and 2019 for the downstream braided reach that is located upstream
of the confluence with the Spey.

Measurements of terrace heights and valley-fill depths suggest that the Feshie’s valley
is glacially over-deepened. In the upper braided reach downstream of the Lorgaidh
confluence, a seismic refraction survey recorded a minimum sedimentary fill depth
of 30 m below the modern-day floodplain (survey carried out by Bronwyn Matthews
and Dr. Mark Naylor from the University of Edinburgh at CRN sample location FLOD
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using an array of wired seismic nodes and a known source consisting of a hammer
and plate). Downstream of the Garbhlach confluence, a borehole survey taken from
a 5 m high terrace (relative to the channel) reported a fill depth of 14.5 m before
intersecting with bedrock (BGS, 2021). In contrast to the main valley alluvial fill, the
Feshie basin also contains steep-sided, narrow, high-relief valleys with little sediment
accommodation space such as the Garbhlach basin where the hillslopes are charac-
terised by talus and debris flows (Figure 2.2). The Feshie basin also contains bedrock
knickzones, such as the one labelled in Figure 2.2. Bedrock knickzones are a legacy
of glacial erosion and are a common feature of post-glacial landscapes (Whitbread
et al., 2015).
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Figure 2.1: Elevation map of Glen Feshie with CRN sample locations. Red dots mark
samples collected along the main river channel and red triangles represent samples
collected in tributaries. Inset map shows a map of Scotland with the Spey basin
coloured in blue and Feshie in grey. 5 m Digital Terrain Model was sourced from

the Ordnance Survey (Ordnance Survey, 2021).
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Figure 2.2: Figure (A) shows key lithological groups in Glen Feshie (lithological
groups obtained from the British Geological Survey (BGS, 2021)). ~3 km-long
bedrock knickzone is marked along the main channel. “Alluvium-terrace" represents
material that has been incised and reworked by channels during the Holocene,
whereas “Glaciofluvial" represents material that was deposited by glacial meltwater
streams and appears mostly disconnected from the modern-day channel network.
Red symbols mark CRN sample locations: red dots mark samples collected along
the main river channel and red triangles represent samples collected in tributaries.
The locations of Figures B, C, D and E are marked on Figure A. Figure (B) shows an
aerial image highlighting the characteristic braided nature of the Feshie (Bing Maps,
2023). Figures (C) and (D) show terraces which are actively feeding material into
the channel. Both terraces appear paraglacial and are poorly bedded and unsorted
(i.e. contain a wide range of grain sizes and angular to sub-rounded clasts with no
preferential orientation direction in places). The surface of the terraces in (C) and (D)
is marked by a red dashed line and their approximate heights are also shown. Figure
(E) is a photograph of the steep, high-relief Garbhlach basin where the hillslopes are
characterised by bedrock and talus deposits.
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Figure 2.3: Evidence of meter-scale channel change from Google Earth Imagery
(Google Maps, 2023) between 2006 and 2019 in the downstream braided reach
(orange box on inset map). Red line on 2019 imagery marks the approximate extent
of the 2006 bankfull channel. Tens of meters of bank migration is observed, especially
at location B, which could have been enhanced by the felling of plantation woodland.
Imagery dates were selected following the limited availability of clear, cloud free
images.
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2.3 Materials and methods

2.3.1 !4C sediment sampling and processing

In this section, we describe the sampling strategy, sample preparation and '#C extrac-
tion, and the procedure for calculating denudation rates based on the '“C concentra-
tions.

Sampling strategy

Nine quartz-rich sand samples were taken from modern gravel bars in August 2021.
Samples were collected with the objective of constraining the contribution of different
geomorphic domains on Holocene denudation rates in a post-glacial setting (see
Section 2.2 for a detailed geomorphic description of the catchment). For example,
sample GAR (see Figure 2.1 for sample names) was collected to understand the
influence of a high-relief, steep landscape with relatively little valley fill on sediment
fluxes. In contrast, sample PLAT was collected to isolate the influence of a low-relief
setting with abundant valley fills on erosion rates. The remainder of the samples were
collected downstream along the main valley-fill sequence to understand sediment
source to sink fluxes.

Sample preparation and '“C extraction

Sample preparation and '*C extraction was performed at the University of Cologne,
Germany, and ETH Zurich, Switzerland. Samples were sieved and the 250-500 um
fraction was retained for in situ '*C preparation. Samples were etched in ~18 % HCI
(technical grade) on a shaking table for 24 hours. For the ensuing froth flotation, to re-
move feldspar and mica, samples were activated with 1 %HF and processed with 1%
AEROG65 frother and Laurylamine (0.03 % v/v) using a laboratory flotation machine
(MN 935/5, Humboldt Wedag). AEROG5 is a completely water-soluble polyglycol type
frother that produces a closely knit and persistent froth. Polyglcols are synthesized
from ethylene oxide, the latter is a petrochemical product (Bailey FE and Koleske JV,
1990), thus free from '“C (petroleum is older than >50 kyr, thus all 1#C has decayed).
The resulting enriched quartz was etched twice in 5 % HF/HNO3 on a shaking table
for 24 hours and twice in 1 % HF/HNOj in an ultrasonic bath for 24 hours to obtain
pure quartz (Kohl and Nishiizumi, 1992) free of organic residues from froth flotation
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agents (Nichols and Goehring, 2019). Due to the perfect solubility of polyglycol in
water, it will be rinsed out in in the repeated decanting rinsing during post-flotation
etching; besides it contains no '“C from the production process.

The pure quartz samples (=<4 g each) were extracted subsequently for gas-source
accelerator mass spectrometer (AMS) analysis in a custom build extraction line at the
University of Cologne following the procedure described in Flldp et al. (2015). As per
Fllép et al. (2015), carbonate was added before processing. Blanks were analysed
at the Cologne AMS facility (Schiffer et al., 2020) and samples for this study at the
ETH Zarich (Lupker et al., 2019; Wacker et al., 2013). As is common practice since the
onset of AMS technology in the 1980s, both AMS facilities are calibrated with standard
materials. Both laboratories participate in international laboratory inter-comparisons
(Scott et al., 2018). Both facilities use NBS-Ox Il standard material for calibration.
The background measurement from full processed blanks, which was obtained by the
repeated extraction of synthetic quartz (Schiffer et al., 2020), is 38000 = 10000 atoms
14C (+ 18, n=26; measurements since 2020).

We refer the reader to Table A.S3 in Appendix A for information on the blank meas-
urements.

Denudation rate calculations

Catchment-averaged denudation rates were calculated from each sample’s '“C con-
centration using the CAIRN (Catchment-averaged denudation Rates from cosmo-
genic Nuclides) method (Mudd et al., 2016). CAIRN calculates analytical solutions
of a statement of conservation of nuclide concentration through time :

dC;

d—tJZPj—)LjCj (2.1)
where C; is the concentration of nuclide j (in this case 14C) in units atoms per gram, P;
is the nuclide production rate in units atoms per gram per year, and 4; is the nuclide
decay coefficient (in units 1/yr). This approach is similar to that of Parker (1991),
but after applying simplifying assumptions, solutions to this equation reduce to more

widely used derivations such as Lal (1991) and Granger and Smith (2000).
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Production can be a function of latitude, altitude (or atmospheric pressure), geomag-
netic field strength and shielding by rock, soil, water or snow (e.g. Balco et al., 2008).
Production of the nuclide can be caused by both neutrons and muons (e.g. Gosse and
Phillips, 2001). CAIRN calculates production following the relatively simple approach
of an approximation using four summed exponential functions, similar to a number
of authors (Braucher et al., 2009; Granger and Smith, 2000; Schaller et al., 2009;
Vermeesch, 2007):

3 _
Pi(d) :Pj,SLHLZSi,jE,jeTj (2.2)
i=0
where P; 51 g1 is the total surface production rate (atoms g yr') at sea level and high
latitude, F; ; is a dimensionless scaling that relates the relative production of neutron
spallation and muon production, S; ; is a dimensionless scaling factor that combines
the effects of production scaling and shielding of cosmic rays, d is a mass per unit area
which represents the mass overlying a point under the surface (typically reported in g
cm), and Aj is the attenuation length for reaction type j (g cm). The reaction types
are i = 0 for neutrons and i = 1 — 3 for muons.

The depth d, called shielding depth, is related to depth below the surface as:

d_

= p(z)dz (2.3)
¢-n

where { (cm) is the elevation of the surface, 11 (cm) is the depth in the subsurface of
the sample, z (cm) is the elevation in a fixed reference frame and p (g cm?) is the
material density, which may be a function of depth. The shielding depth is typically
reported in g cm™. For a constant density, d = p7.

Combining equation (2.1) and equation (2.2) results in a partial differential equation
that can be solved analytically.

One simple scenario is when the denudation rate, €, (g cm™ yr'') is constant in time.
The general solution for this scenario for the concentration of a nuclide at depth d and
time ¢ that had a starting position at depth dy and an initial concentration Cy at time 1,
is:



Chapter 2 34

3 _ _
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(t) =Co 0 ,Z(') c A AR (2.4)
We have dropped the subscript j indicating the nuclide for simplicity; subsequent
equations apply to any nuclide. Equation (2.4) is the same as equation (11) in Mudd
et al. (2016). We can use equation (2.4) to derive more complex erosion scenarios
that might occur in a transient landscape.

For computing the apparent erosion rate, CAIRN further assumes constant erosion
rates beginning at infinite depth and infinite time (tp = 0 and t = oo, dy = ), reducing
the equation to:

3, SiFiAie /N

C(d) = Psru )
- € +AA;

(2.5)

where ¢ is the denudation rate (g cm? yr~!). If we set d = 0 (that is, we solve for
material being eroded from the surface, with no distributed mass loss via chemical
weathering), equation (2.5) reduces to equation (6) from Granger and Smith (2000)
for denudation only (i.e., no burial or exposure), and reduces to equation (8) of Lal
(1991) if production is due exclusively to neutrons.

CAIRN does include modules for topographic shielding, but DiBiase (2018) demon-
strated that the shorter attenuation length from steep slopes cancels topographic
shielding so we do not reduce production from topographic shielding to calculate de-
nudation rates. CAIRN then calculates the production rate for each pixel based on an
effective attenuation depth following the approach of Vermeesch (2007). We calculate
the surface production scaling, S;.;, using the scaling of Lal (1991) and Stone (2000).
It should be noted that the Lal/Stone (LSt) scaling is time invariant. Nuclide production
is, however, known to vary with the intensity of Earth’s geomagnetic field, which is
taken into account in other scaling schemes such as the Lifton/Sato/Dunai (LSD)
which take into account time-varying production rates Lifton et al. (2014). The recent
studies of Charreau et al. (2019) and Stibner et al. (2023) have shown that failing
to account for time-varying production can lead to large changes in inferred erosion
rates using '°Be. However, the difference between the LSt scaling and LSD scaling
is relatively low at high latitude sites such as ours (<10%) and where erosion rates
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vary by less than an order of magnitude (Charreau et al., 2019; Stibner et al., 2023).
Neither of these two studies explored the effect on 1#C, but the higher production rates
of 14C lead us to expect the differences would be even smaller at high latitude for this
nuclide.

The scaling terms for individual production mechanisms, S;, may vary depending on
elevation, shielding, sample thickness, or denudation rates. For example, muogenic
pathways will contribute relatively more to production when there is more shielding
since muogenic reactions penetrate deeper than spallation. Following Vermeesch
(2007) we calculate a single surface production rate, S;,;, that combines production
scaling and topographic shielding, and then partition this total production to individual
scaling terms by employing a virtual attenuation length, A,, in units of g cm™:

—Ay

Si=e i (2.6)

We then calculate A, based on S;.. ;o is calculated using the Lal/Stone scaling,
but this is calculated using the spallation production rate reported by Borchers et al.
(2016) and dividing this by the fraction of production from spallation from Lupker et al.
(2015), i.e. 12.24 atoms/g/yr divided by Fy = 0.788 to arrive at a Psyp;, of 15.533
atoms/g/yr. We then calculate the individual production mechanisms such that:

3
Stor = ZSiFi (2.7)
i=0

In equation (2.7), S;o; and F; are known, whereas S; are functions of A,. We thus iter-
ate upon A,, calculating S; using equation (2.6) using Newton’s method until equation
(2.7) converges on a solution for A,,.

We can then calculate the production of atoms of !“C at every pixel in our DTM
using equation (2.5). We make an initial guess at the denudation rate, €, based on
simple denudation rate estimates from Lal (1991), and then we use Newton-Raphson
iteration to converge on the observed concentrations in a given basin by changing the
€ value. The full method is described in Mudd et al. (2016). The parameter values
used for the scaling and production are shown in Table 2.1.
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We report uncertainties on the denudation rates by calculating denudation rates from
the reported '“C concentrations + the blank-corrected uncertainty values. We refer
the reader to Table A.S1 in Appendix A for a glossary of all the symbols outlined in
this section.

Parameter Value
Po.sLaL 15.533 atoms/g/yr
Fy 0.788
F 0.212

Table 2.1: Parameters used in CRN calculations. The length scales for spallation
and muogenic production are 160 g/cm? and 1500 g/cm?*for Fy, F}, respectively. The
relative scaling parameters are from Lupker et al. (2015). The total production rate
at high latitude and sea level is calculated using the production from the Lal/Stone
scaling reported for spallation in Borchers et al. (2016) divided by the spallation
scaling, Fy. The decay coefficient is 1.2158* yr~!.

2.3.2 Basin-averaged topographic parameters

As described in the Introduction, studies in mountainous landscapes have found
that denudation rates tend to correlate with topographic metrics such as channel
steepness and elevation (e.g. Cyr et al., 2010; Delunel et al., 2020,1; Harel et al.,
2016; Wittmann et al., 2007). For example, Delunel et al. (2010) found a correlation
between denudation rates and mean basin elevation in the Western French Alps,
from which they suggested frost-shattering to be the main driver of denudation rates
in their study area. For each sample, we determine the upstream contributing basin
area, and then calculate basin-averaged topographic metrics from the 5 m Digital
Terrain Model (DTM) from the Ordnance Survey (Ordnance Survey, 2021). Basin
area, elevation (proxy for temperature), slope and channel steepness were derived
from the DTM in LSDTopoTools (Mudd et al., 2023). We calculate the normalised
channel steepness index, ks, which is the channel slope normalised to drainage area
and typically reflects the erosive ability of a channel (Flint, 1974; Wobus et al., 2006).
We use the algorithms from Mudd et al. (2014) to calculate kg,, using a concavity
index of 0.45 (Mudd et al., 2014). A map of channel steepness across the Feshie
basin is available in Figure A.S1 in Appendix A.
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2.3.3 Terrace mixing model

Erosion rates derived from “C concentrations in catchments with little valley-fill (e.g.
Garbhlach tributary) can be reasonably assumed to represent catchment-wide denud-
ation rates. However, as described in Section 2.2, the Feshie contains an abundant
sequence of paraglacial terraces along the main channel, and along the Lorgaidh and
Fhearnasdail tributaries. To test whether these terraces are contributing significant
quantities of sediment to the modern channel and affecting the detrital 1#C concentra-
tions, we present a mixing model which mixes the ‘background’ sediment with terrace
sediment. The ‘background’ erosion rate reflects sediment sourced ‘basin-wide’ from
erosion of channels and hillslopes with no contribution from transient sediment stores.
In this section, we first present the model, followed by the methodologies to obtain
terrace bank heights, lengths and ages which will all influence the output of the mixing
model.

Description of model and assumptions

We hypothesise that samples along the main channel and River Lorgaidh will provide
faster apparent catchment-averaged erosion rates than they should because they will
contain sediment with background '*C concentrations mixed with lower concentration
material from terraces bordering the channels. We hypothesise that the terrace ma-
terial has lower CRN concentrations because: (1) the production of CRN in terrace
materials decreases with depth (see cartoon diagram in Figure 2.4) and (2) terrace
materials have remained buried until the last phase of major incision, and were there-
fore largely shielded from cosmic rays (i.e., ‘fill-cut’ terraces, see Section 2.3.3 for
further discussion).

To test our overarching hypothesis of low '#C concentration terrace material mixing
with high '#C concentration ‘background’ material, we perform a mass balance calcu-
lation for each sample (except GAR which is from a catchment that is largely devoid of
terrace material) which calculates a drainage basin’s 1#C outlet concentration, Cgusin,
by mixing the ‘background’ sediments with terrace sediments. Our approach is similar
to the theoretical model outlined by Wittmann and von Blanckenburg (2009), who pro-
posed a method to detect sediment storage and transfer in depositional basins from
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14C. Our model assumes that both terrace sediments and ‘background’ sediments
have similar concentrations of quartz, and that there have been no differences in the
chemical depletion rates amongst sediment sources.

Assuming all sediments are well-mixed, the concentration of '“C in the collected
sediments, Cpuin, iS equal to the number of atoms supplied to the sampling site
divided by the mass of sediment supplied. We assume the sample is composed
of atoms (¢t) and masses (M) of '“C supplied by background erosion (g Mpg)
and terrace erosion (o, My). The timing and frequency of terrace erosion is largely
unknown in the catchment. For example, terraces could erode progressively through
time (i.e. low magnitude, high frequency scenario), or only erode during major flood
events (high magnitude, low frequency scenario). Field observations suggest both
scenarios are likely: we observe sloped sediment deposits at the base of terraces,
indicating a more progressive system, but also observe undercut terraces, suggesting
flood events drive geomorphic change. For the purpose of this study and the mixing
model proposed, we assume terrace sediment was sourced from the last major flood
event before sample collection, the details of which are outlined in Section 2.3.3.
Also supporting this assumption is the fact that, when observed, the accumulations of
debris at the toe of terrace scarps (which testify to progressive terrace erosion) tend to
be disconnected from the active channel, i.e., not in contact with the flowing water at
low flow. This sediment may therefore become incorporated only during major floods,
even if it has progressively accumulated between two major floods.

Chasin, In @toms per gram, is given by:

Olpg + o

CBasin - Mb +Mf
8

The mass supplied in the last flood event from the terraces is the sediment density
times the volume transferred to the channel. For convenience, we use units of g/m? for
density, which allows us to match unit conventions for measuring CRN concentrations
and distances. The units of density in these equations cancel as they appear in both
top and bottom terms of the fraction in equation (2.8), so they are, in practice, arbitrary.
The volume from the terraces is the product of the migration distance (D7 in meters),
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the height of the terrace bank relative to the channel (Hr in meters) and the length
of the eroded terrace (Ly in meters). The model assumes that the terrace walls
are vertical (see Figure 2.4). The number of atoms supplied is this mass times the
concentration of '*C in the terrace (Cr, in atoms/gram). The mass of the sediment
supplied from the ‘background’ at the sampling point is the erosion rate (Ej,, units
m/yr) times the time since the last flood, AT, times the upstream area (A in m?), times
the sediment density (g/m3). The number of atoms supplied from the ‘background’
at the sampling point are this mass times the concentration in the background (Cy,g).
Note that all these terms include the density, which we assume to be the same for
both the ‘background’ and terrace sediment, so these terms cancel, resulting in:

CngbgAAT +CrLrHr Dy
EbgAAT + LrH7r D7

CBasin = (29)

In equation (2.9) the numerator is in units atoms m3/g and the denominator is in units
m3, so the units of Cpyg;y, are atoms/g. To calculate the background concentration,
Cyg, We need to assume a given background erosion rate; we then use CAIRN to
solve for the concentration at the sampling point. We note at the this stage that the
sample GAR could be a good candidate for this assumed background erosion rate,
as its upstream area is relatively devoid of terraces (Figures 2.1 and 2.2) and '4C
concentrations will likely represent catchment-wide denudation rates, as will be dis-
cussed. The methods for obtaining terrace bank heights, lengths and concentrations
are outlined in Section 2.3.3. Terrace migration distances are largely an unknown,
so we model a range of migration distances and discuss these in relation to terrace
concentrations in Section 2.4.3. Variations in terrace bank migration distances, ages
and heights are expected to cause differences in '*C concentrations (and apparent
denudation rates) between sites that have recorded a paraglacial terrace signal.
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Figure 2.4: 2D cartoon diagram showing the terrace components of our model,
modified from Wittmann and von Blanckenburg (2009). The production of '“C is
shown to decrease with surface depth (red dashed line, decay curve taken from
Hippe (2017)). Terrace height Hr, terrace migration distance in the time period
considered Dr, and terrace length Ly (not shown because our cartoon is 2D) control
the concentration of the terrace material entering the river in our model. Valley fill
depth is not to scale because it is largely unknown and likely to be spatially variable.

Methods for obtaining terrace bank heights and lengths

As highlighted above, we assume sediment was sourced and transported from the
terraces during the last major flood event before sample collection. To obtain the
lengths (L7) and heights (Hr) of the terrace banks connected to the channel network
during this flood event, we create a flood extent map. The following section describes
the flood modelling and terrace extraction methodology.

To document flood trends prior to sample collection, we download discharge and
rainfall data from UKCEH (https://nrfa.ceh.ac.uk/data/station/peakflow/
8013) for the gauging station at Feshiebridge (located near MILC sample in Fig-
ure 2.1, also marked on Figure 2.9). The discharge time-series (Figure 2.5) shows
that the last major flood event (February 2021, 86.99 m3/s) had occurred 6 months
before sample collection in August 2021. This flood event is equivalent to a ~ 1 in
5 year flood event (see Figure A.S2 in Appendix A). We simulate the flood extent
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associated with this discharge in HAIL-CAESAR on the 5 m DTM. HAIL-CAESAR is a
hydrodynamic landscape evolution model which is derived from the CAESAR-Lisflood
model (Coulthard et al., 2013).

We run the model in “catchment mode" which requires the input of rainfall to generate
runoff. Rainfall data was unavailable for the February 2021 flood event so we use
rainfall data from a flood event in September 2009 when a similar discharge of 86.6
m?3/s was recorded. We run the model with rainfall 20 days prior to the flood event with
a Manning’s roughness value of 0.04 which represents mountain rivers with gravels,
cobbles and boulders (Chow, 1959). We set the topmodel m value, which controls
the peak and duration of flood events, to 0.001 which represents high infiltration rates
for high, flashy flood peaks (Beven, 1997). With these parameters, including a high
topmodel m value, the simulated peak discharge was 62 m3/s, which highlights the
potential of spatially heterogeneous rainfall. Because we are interested in mapping
the flood extent associated with a 86.6 m3/s flood, rather than replicating the precise
flow dynamics, we increased the rainfall by 30 %, which produced a simulated dis-
charge of 82 m3/s which is very close to our target discharge. We refer the reader to
Appendix A for the simulated flood hydrograph (Figure S3).

To obtain the height of the terrace banks relative to the channel, we create a 10 m
buffer around the modelled flood extent and sample this 10 m buffer every 5 m to
create nodes. We then clip the nodes to the BGS alluvium/terrace dataset (BGS,
2021). We choose a buffer distance of 10 m to account for sloped sediment deposits
between the terraces and the edge of the simulated flood extent, based on satellite
and field observations (Figure 2.6). Many of the exposed terrace faces along the river
are near vertical (see Figure 2.2), but we use a 10 m buffer to ensure that we capture
the top of the terrace surfaces reliably. For example, even for a 45 degree terrace
scarp we would still capture a 10 m high terrace. We then compare the elevation of
each 5 m terrace bank node to the nearest channel’s elevation (which was derived
from the DEM) using the steepest descent flow routing algorithm presented by Clubb
et al. (2017). We will refer to this height as terrace height in the rest of the paper.
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Figure 2.5: Mean daily discharge recorded at the Feshiebridge gauging station (near
MILC sampling point, also marked on Figure 2.9). Discharge data (and rainfall) was
sourced from the UKCEH (https://nrfa.ceh.ac.uk/data/station/peakflow/
8013). The green star shows the most recent major flood event prior to sample
collection which is a =~ 1 in 5 year flood event. The flood modelling in this study is
based on the 2009 event (yellow star) because no rainfall was available for the 2021
event (see Figure S4 in Appendix A for available rainfall data).

Figure 2.6: Flood modelling methodology used to infer the approximate height of
terrace banks bordering the channel in the Feshie basin. We simulate a 1 in 5
year flood event (shown by the blue 'Flood extent’ polygon) in HAIL-CAESAR which
represents the approximate return period of the last major flood event prior to sample
collection. This flood extent is then buffered by 10 m and the resulting polygon
is sampled every 5 m to create nodes (10 m buffer nodes’). These nodes are
then clipped to the terrace/alluvium polygon which was sourced from the BGS (see
Figure 2.2 for the alluvium/terrace extent of the Feshie catchment, BGS (2021)). To
obtain the height of the terrace banks, the elevation of the terrace nodes are compared
to the elevation of the nearest channel using the algorithms from Clubb et al. (2017).



Chapter 2 43

Methods for obtaining terrace concentrations

The mixing model presented in equation (2.9) requires terrace concentrations, Cr, to
model a basin’s outlet concentration, Cp,,. The concentration of '#C in terraces is
mostly a function of the exposure time to cosmic rays. We explore an end-member
scenario, whereby the sediment in the terraces has been shielded before exposure
as the fill-cut terraces were formed. In this experiment, we assess whether incorpor-
ation of terrace material with the lowest '4C concentration possible could explain the
observations. '#C inheritance in the terraces may be spatially variable and there is no
data regarding these concentrations, hence the choice of this conservative scenario.

The timing of late Holocene major incision events and thus lower-level terrace (expos-
ure) ages are largely unknown. To our knowledge, only one terrace date in the Feshie
basin has been published: a radiocarbon age of 4.1 - 3.7 cal ka BP was obtained by
Robertson-Rintoul (1986) for a lower-level terrace (Group 3) in the Lorgaidh basin,
suggesting that the lower-level terraces are of Late Holocene age (post-4000 years).
Robertson-Rintoul (1986) also inferred a younger terrace group of 900 cal ka BP to
exist from soil stratigraphic mapping (Group 4). Both of these terrace groups (1000
and 4000 years) were interpreted to border the modern-day channel in the mapped
extent which focused on the upper braided reach and Lorgaidh basin (location B in
Figure 2.2). These results imply the channel receives sediment from terraces aged at
both 1000 and 4000 years. Based on these findings, we tentatively model our terrace
bank migration distances with terrace ages of 1000 and 4000 years and discuss the
implications in Section 2.4.3.

We simulate the concentration of '“C in terraces using a column model available in
LSDTopoTools (Mudd et al., 2023). This model follows the same governing equation
as equation (2.4), but in this case we simulate 14C concentrations as a function of
depth over a fixed duration (t — tg = t;, where ¢, is the age of the terrace) such that the
governing equation reduces to:

3
— . SIEAI —d &t —tA
C(tr,d) = Coe ™" +PO{Z e (eAi —eh (2.10)
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We therefore assume minimal denudation over the age of the terrace (e ~ 0) in the
column model. The scaling and production parameters for this component of the study
are shown in Table 2.1. The column model is evolved from the particle-based model
presented in Mudd (2017), but includes the more rigorous production and scaling
mechanisms from Mudd et al. (2016).

The mixing model presented in equation (2.9) assumes that the total height of a
terrace column, Dr, collapses into the river during a flood event. We therefore sample
the column’s 1#C concentration every 0.05 m, following which we calculate a depth-
averaged concentration (Cr in equation (2.9)). The column model assumes there is
no mixing or bioturbation within the terrace deposits. This assumption is supported
by the fact that, when observed, terraces in the Feshie appear paraglacial and are
largely composed of unsorted gravels, with very little soil relative to the total terrace
height (Figure 2.2). Moreover, if mixing is present within a thin soil layer, then the
depth-averaged “C concentration of a terrace is likely to resemble that of an unmixed
terrace profile (Hippe, 2017).

We set the elevation and height of the column to the average elevation and height of
the terraces in the Feshie as defined in the terrace bank extraction method section
(Section 2.3.3). We also perform a sensitivity analysis to test the influence of terrace
elevations (i.e. production rates of '*C) on the terrace concentrations.

As discussed, we assume there is no initial '*C concentration, on the basis that the
material was buried deep enough before the formation of the terrace such that all
pre-existing 14C had decayed. This latter assumption may not perfectly reflect reality:
terraces will have accumulated a small percentage of '#C during their burial phases
from deep production by muons (see Figure 2.4). For example, the total in situ '4C
concentration at 10 m depth is <5% of the surface nuclide production (Figure 2.4,
Hippe (2017)). Moreover, Robertson-Rintoul (1986) documented a buried soil layer
(95 cm below the terrace surface) with a radiocarbon age of 4.1-3.7 cal ka BP,
suggesting sediment aggradation above previous floodplain levels. As a result, it is
likely that the terrace sediment may not have been completely shielded until terrace
formation. We do not add an initial concentration to the terrace column model because
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we largely do not know the #C concentrations and burial history of the terraces. Any
antecedent '“C will increase the concentration of '#C derived from the terraces, so
terrace migration rates estimated from our model will be minimum rates

2.3.4 Methods for calculating erosion rates from sediment fluxes

Erosion rates derived from '“C concentrations in catchments with abundant paragla-
cial terraces are not expected to represent true ‘basin-wide’ denudation rates. To
further understand the relationships between denudation rates and the isostatic uplift
rate in these basins, we calculate erosion rates from sediment fluxes. That is, we test
whether the erosion rate from sediment fluxes is, in fact, comparable to the isostatic
uplift rate in basins with paraglacial terraces when both the ‘background’ erosion of
hillslopes and the erosion of paraglacial material are considered. The erosion rate
from sediment flux, Ey,,, is the sum of the ‘background’ erosion rate (Ejg, units
m/yr) and of the terrace volume that collapses into the river during a large flood event
divided by the sample’s drainage area (4 in m?). The latter represents the equivalent
erosion rate had the volume of material from the terrace been sourced from uniform
erosion upstream of the sample. The volume of sediment from the terraces is the
product of the migration distance (D7 in meters), the height of the terrace bank relative
to the channel (H7 in meters) and the length of the eroded terrace (L7 in meters; see
Section 2.3.3 for a full description of these parameters). For the purpose of this study,
we assume that terrace collapse occurs during large annual flood events. The erosion
rate from sediment flux, in units m/yr, is given by:

LrHrDr

Eflux = Ebg + A

(2.11)
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2.4 Results

2.4.1 Overview of inferred denudation rates

The following section presents catchment-averaged denudation rates inferred from
concentrations of “C in detrital sediments. We say “inferred" because these de-
nudation rates are based on the assumption that concentrations result from steady,
spatially homogeneous denudation. We report rates in mm/yr, as these rates are
perhaps more intuitive than a mass-based denudation rate which represent an equi-
valent bedrock lowering with a density of 2650 kg/m> in the parent material. The
denudation rates reported below are calculated using CAIRN (Mudd et al., 2016),
which is described in detail in Section 2.3.1. We also calculate denudation rates
using CRONUS (Balco et al., 2008), which vary by approximately 10 percent from the
CAIRN-derived erosion rates (see Table 3.1).

Overall, the inferred denudation rates are similar for seven out of the nine sampled
sites, with rates between 0.442 and 0.612 mm/yr. The denudation rate calculated for
the high-elevation, low-relief Gaick plateau is 0.478 mm/yr (PLAT). Downstream of
this sample, the river flows through a bedrock knickzone (Figure 2.2) downstream of
which the inferred denudation rate is similar to that from the Gaick plateau (sample
ADD, 0.442 mm/yr). Around 4.5 km downstream, the Feshie then enters the main
glacial trough where the main valley-fill sequence begins and debris flows enter the
channel. Here, the inferred catchment-averaged denudation rate increases to 0.612
mm/yr (UBRU). Further downstream, the denudation rates show little change where
the river passes the confluence with the Lorgaidh and flows through the uppermost
braided section (UBRM, 0.582 mm/yr; FLOD, 0.582 mm/yr). The Lorgaidh (LORG),
which displays evidence of Holocene hillslope failure (e.g. talus deposits, debris flows)
and contains terraces which the river is laterally migrating into, has a slightly lower
inferred denudation rate of 0.457 mm/yr.

The steep, high-relief Garbhlach tributary has the lowest inferred denudation rate in
the entire catchment (GAR, 0.175 mm/yr). Downstream of the confluence with the
Garbhlach, an inferred denudation rate of 0.523 mm/yr is calculated from sample
ALEAN which is similar to the sample upstream of the Garbhlach’s confluence along
the main channel (FLOD, 0.582 mm/yr). Finally, our downstream-most sample, MILC,
which is =~ 1.5 km upstream of the Feshie’s confluence with the Spey, displays the
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highest erosion rate recorded in this study, 1.356 mm/yr. Overall, the catchment-
averaged denudation rates are, on average, significantly lower than the isostatic uplift
rates predicted for the Feshie basin of >1 mm/yr (Shennan et al., 2009).

Error bars are shown on the CAIRN-derived erosion rates on Figure 2.7. Error values
represent erosion rates calculated from the reported '“C concentrations + the blank-
corrected uncertainty values. The key findings discussed above remain the same
when these errors are considered. That is, we find the lowest inferred denudation in
the steep, high-relief Garbhlach tributary, and the highest apparent denudation rate
at our downstream-most sample near the Spey, MILC. These key findings are also
consistent with the denudation rates and uncertainties derived from CRONUS (see
Table 3.1 and Figure 2.7, Balco et al. (2008)). We refer the reader to Table A.S3 in
Appendix A for information on blank measurements and uncertainties.

CAIRN-derived CRONUS-derived

) Basin Sample Sample '*C  Uncertainty + ) 8

Sample River name Lat. Long. 5 . 1 e erosion rate erosion rate
area (km”) elevation (m) (atomsg ') (atomsg ') 1 1
(mmyr —1) (mmyr ")

GAR Garbhlach  57.03407 -3.8729  4.47 438 100440 2570 0.175 0.167
ADD Feshie 56.9786  -3.83459 73.13 450 52500 2450 0.442 0.389
LORG Lorgaidh 57.00016 -3.9047 7.26 376 49050 2500 0.457 0.421
PLAT Feshie 56.97275 -3.79523 33.57 513 47130 2520 0.478 0.434
ALEAN Feshie 57.04437 -3.89655 126.57 324 45100 2520 0.523 0.470
FLOD Feshie 57.02548 -3.89996 116.12 343 42480 2510 0.582 0.514
UBRM  Feshie 57.01004 -3.90527 100.76 358 41290 2510 0.582 0.541
UBRU  Feshie 56.9946 -3.8914 91.65 380 40860 2510 0.612 0.550
MILC Feshie 57.12184 -3.90915 232.28 229 24260 2520 1.356 1.03

Table 2.2: '“C sample details, & blank-corrected '“C concentrations, and modelled
erosion rates from CAIRN and CRONUS. We refer the reader to Table A.S4 and
Table A.S5 in Appendix A for more detailed descriptions of the '*C concentrations
and erosion rates.
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Figure 2.7: (A) Map of the Feshie with sample names and '*C-derived erosion rates.
(B) Plot of main river profile (blue line) and erosion rates calculated through both
CAIRN (pink markers) and CRONUS (purple markers). CAIRN error values represent
erosion rates calculated from the reported '“C concentrations + the blank-corrected
uncertainty values. CRONUS error values represent both measurement uncertainty
and production rate uncertainty.

2.4.2 Relationships between apparent erosion rates and basin-
averaged topographic parameters

Many studies have correlated denudation rates to basin-averaged topographic para-
meters to understand the wider controls of climate and/or tectonics on landscape
evolution (e.g. Cyr et al., 2010; Delunel et al., 2010; Hack et al., 1957; Harel et al.,
2016; Wittmann et al., 2007). In this study, we counter-intuitively find negative cor-
relations between the apparent erosion rates and upstream basin-averaged slope,
normalised channel steepness and elevation (proxy for temperature, Figure 2.8). We
find the highest inferred denudation rate of 1.356 mm/yr at the most downstream
sample, MILC, and the lowest inferred denudation rate of 0.175 mm/yr in the steepest
tributary catchment, the Garbhlach basin (GAR). Furthermore, we cannot explain
our erosion rates from any apparent geological controls, as the bedrock geology is
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relatively homogeneous in the catchment (BGS, 2021). Similarly, vegetation does not
appear to exert a primary control on the erosion rates. Commercial forestry dominates
the lower areas of the catchment near the confluence with the Spey, and new native
forest and moorland occupy much of the upper basin. It is important to note that we
find the lowest denudation rate in the Garbhlach tributary, a catchment that is very
steep and largely devoid of terrace materials. This result supports our hypothesis that
a significant portion of the sediment transported by the main stem river is sourced
from low-concentration terrace materials. In the following section, we use our mixing
model to test this hypothesis.
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Figure 2.8: Relationship between denudation rates and catchment-averaged to-
pographic parameters including mean basin slope, elevation, drainage area and
normalised channel steepness. R? linear regression values are shown for each plot.

2.4.3 Terrace mixing model results

To run our mixing model, we need a ‘background’ denudation rate that is represent-
ative of catchment-wide denudation. In the absence of other reliable catchment-wide
denudation rates, we assume that the Garbhlach’s denudation rate of 0.175 mm/yr
represents this background denudation rate. We note that this is likely an upper bound
and that the real background denudation rate may be lower, as the Garbhlach is one of
the steepest tributaries in the catchment. Using the GAR value of 0.175 mm/yr as the
background denudation rate, we use CAIRN to calculate the expected '“C concentra-
tion for all the other samples. We then use the mixing model to simulate the impact of
introducing lower concentration material from the upstream terraces, as explained in
the methods. The dilution proceeds iteratively. For example the sample near the Spey
(MILC) features the lowest '“C concentration and the highest apparent erosion rate
(1.356 mm/yr). This means that sediments with relatively low '“C concentrations must



Chapter 2 51

have been supplied between MILC and ALEAN. The model assumes these lower
concentration sediments have been supplied by terraces. The height and age of the
terrace will affect the '“C concentrations in the terrace material that is remobilised.
For example, erosion of higher and/or younger terraces will lead to the introduction of
material with lower average '“C concentrations. The terrace migration rate will affect
the ratio of background material to terrace material in the river sediment: the greater
the migration rate, the greater the dilution of the background sediment with low '4C
concentration sediment from the terraces. We examine each of these possibilities in
the following discussion.

Terrace height results

Figure 2.9 shows a map and longitudinal river profile of the left and right terrace
heights in the Feshie basin. Terrace heights, derived from the 10 m buffer zone,
average 2.2 m above the channel for the entire basin (see Figure A.S5 in Appendix A
for distribution of terrace heights). There is no obvious downstream trend in terrace
heights, although terraces in the headwaters (upstream of flow distance 35 km) tend
to be not as high as further downstream. Localised reaches with higher terraces above
~5 m are observed at locations such as the Garbhlach confluence and upstream of
sample UBRU (flow distance between 20 and 25 km). Terrace heights do not appear
to increase between sample ALEAN and MILC, and average between 2 and 2.5 m,
suggesting that terrace height does not account for the higher erosion rate (lower
concentration) near the Spey. There do not appear to be any high terraces feeding
the tributary channels between ALEAN and MILC.

Terrace age results

Figure 2.10 shows the relationship between terrace ages and depth-averaged '“C
concentrations for the average terrace height of 2.2 m and average terrace elevation
of 420 m in the Feshie basin, simulated by our terrace column model. As the average
terrace age increases, the depth-averaged terrace '“C concentration increases.
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Figure 2.9: (A) and (B) Maps of left (A) and right (B) terrace heights (m) derived from
the 2009 flood with a 10 m buffer. (C) and (D) Long profile plot of the main Feshie
River with left (C) and right (D) terrace heights marked in red. Main channel erosion
rates are shown by the black triangles.
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Figure 2.10: (A) Histogram of the terrace elevations derived from the 10 m buffer
method for the entire Feshie catchment. (B) Relationship between terrace age and
depth-averaged terrace '“C concentration using our average terrace height of 2.2
m and elevation of 420 m. 10 % error bars represent uncertainty associated with
the production rates from terrace elevation (i.e. an increase in elevation of 200 m
increases the terrace '“C concentration by approximately 10 % for the same terrace
scarp height).

Terrace elevations mostly range between 230 m and 600 m, which is =200 m below
and above the mean elevation of 420 m in the Feshie basin. With regards to the
influence of elevation on '“C production rates, a change in terrace elevation of 200
m changes the final terrace concentration by 10 % for our average terrace height of
2.2 m. Error bars on Figure 2.10 represent this 10 % uncertainty (see Table A.S2
in Appendix A for full sensitivity analysis). Latitude makes a negligible difference to
the modelled terrace concentrations due to the catchment size. The uncertainty from
elevation on terrace ages is discussed in more detail alongside the terrace migration
results in Section 2.4.3.

As discussed in Section 2.3.3, Robertson-Rintoul (1986) interpreted the lower level
terraces in the Feshie basin to have formed 1000 and 4000 years ago, from radiocar-
bon dating and geomorphic mapping. These ages correspond to depth-averaged
terrace '*C concentrations of approximately 8000 atoms/g and 27000 atoms/g, re-
spectively. Therefore we tentatively model each samples’ 1#C basin outlet concentra-
tion with terrace migration distances associated with these depth-averaged terrace
concentrations and discuss the implications in Section 2.4.3.
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Terrace migration distance results

We first present results using a range of catchment-averaged terrace migration dis-
tances per flood event (D7 in equation (2.9)), that is, all terraces upstream of each
sampling point are assumed to migrate at the same rate. We perform the calculation
for each sampling point. The results for ALEAN and MILC (sample near Spey) are
shown in Figure 2.11. The remainder of the samples yield similar results to ALEAN
and are shown in Figure A.S6 in Appendix A. If the terraces that are contributing
sediment to the modern channel have been exposed to cosmic rays for 1000 years
throughout the Feshie basin, then we can explain MILC’s lower sampled concentration
with higher terrace migration distances during a flood event. This result remains valid
even when we take into account the uncertainty from terrace elevation-derived pro-
duction rates (see shaded lines on Figure 2.11). For example, if the average terrace
concentrations in the Feshie equate to 8000 atoms/g (i.e. exposed to cosmic rays for
1000 years), then we can explain ALEAN’s observed basin outlet concentration with
catchment-averaged terrace migration distances of 0.08 m/flood event. To explain
the highest apparent erosion rate from the MILC sample (with the lowest measured
14C concentration) downstream near the Spey, catchment-averaged terrace migration
distances must be significantly higher (0.3 m/flood event) for the same terrace con-
centration of 8000 atoms/g.

The terrace migration values presented above are catchment-averaged. However, we
know that the sediment sampled at ALEAN has a '“C concentration that is nearly
twice that at MILC further downstream, implying that a significant change in terrace
dynamics occurs in the nested basin between ALEAN and MILC. Major rivers within
this nested basin include both the section of the main Feshie channel between the
two sampling locations and the Fhearnasdail tributary (see Figure 2.1 for location). To
calculate the required migration distances in this nested basin, we run our sediment
mixing model (equation (2.9)) and set the terrace migration distances upstream of
ALEAN to 0.08 m/flood event (e.g. 1000 year scenario). We then model the required
nested basin’s terrace migration distances to obtain MILC’s outlet concentration. For
example, if the terraces upstream of ALEAN have a migration rate of 0.08 m/flood
event, we find that the nested basin requires migration distances of around 0.5 m/flood
event if terraces have been exposed to cosmic rays for 1000 years.
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Another hypothesis is that the terraces in the Feshie basin have been exposed to
cosmic rays for 4000 years, and thus have an approximate depth-averaged '“C con-
centration of 27000 atoms/gram (see Section 2.4.3). In this scenario, terraces up-
stream of ALEAN require a basin-averaged retreat rate of approximately 0.2 m/flood
event. Our results suggest that it may be possible to yield MILC’s lower basin outlet
concentration with basin-averaged retreat rates of 5 m/flood event when considering
terrace production rate uncertainties. However, we know that, in this scenario (i.e.,
terraces exposed to cosmic rays for 4000 years), the required migration distances
upstream of ALEAN are 0.2 m/flood event. When we calculate the required terrace
migration rates in the nested basin between MILC and ALEAN, we find that even a
terrace migration rate of 1000 m/flood event, which is unrealistic, cannot yield the
measured outlet concentration at MILC. We therefore cannot explain MILC’s basin
outlet concentration if all terraces that are feeding material into the modern channel
have relatively high '#C concentrations (i.e., 27000 atoms/gram).

An alternative hypothesis to the lower concentration recorded at MILC is the possib-
ility of younger terraces between MILC and ALEAN that are inputting lower concen-
tration material into the river. Our basin-averaged terrace model suggests that the
lower basin outlet concentration at MILC could be explained if MILC has younger
catchment-averaged terraces than ALEAN, whilst the terrace migration rates remain
the same (Figure 2.11). That is, if terraces upstream of ALEAN have been exposed
to cosmic rays for 4000 years, then a terrace migration rate of 0.2 m/flood event is
required. Likewise, if terraces in the entire MILC basin have been exposed to cosmic
rays for 1000 years, then a similar terrace migration rate of 0.2 m/flood event can
explain the lower basin outlet concentration. However, we know that, in this scenario,
terraces upstream of ALEAN have a depth-averaged '“C concentration of 27000
atoms/gram (i.e., exposed to cosmic rays for 4000 years), which means that the
nested basin between ALEAN and MILC is where a change in terrace concentrations
must occur if the retreat rates remain the same. If we run our mixing model and
set the terraces upstream of ALEAN to 27000 atoms/gram, we find that even if the
terraces in the nested basin have a '*C concentration of 0 atoms/gram, then MILC’s
basin outlet concentration cannot be obtained. Therefore, younger terrace ages alone
cannot account for MILC’s basin outlet concentration as it is not possible to obtain the
outlet concentration at MILC with the same migration distances as ALEAN.
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Figure 2.11: Results of the mixing model for MILC (downstream site near Spey)
and ALEAN. This model considers catchment-averaged terrace migration rates, that
is, all terraces upstream of each sampling location migrate at the same rates. The
measured '“C concentration at these sites (‘actual outlet concentration’) is shown by
the black horizontal dashed line. Blank-corrected analytical uncertainties are shown
by the grey shaded error bars on the ‘actual outlet concentration’. The influence
of various terrace migration distances per flood event (0.08, 0.1, 0.2, 0.3, 1, 5
m) on the predicted '“C concentration at these sites is shown by the coloured
lines with their corresponding terrace concentrations. Grey vertical lines represent
concentrations for terrace with ages of 1000 (8000 atoms/g) and 4000 years (27000
atoms/g), with shaded 10 % error bars. These error bars represent uncertainty from
terrace elevation-derived '“C production rates (see Section 2.3.3). See Figure S6 in
Appendix A for results at other sample sites.

2.4.4 Erosion rates from sediment fluxes

Here, we present overall sediment volumes sourced from both paraglacial terraces
and ‘background’ material on annual timescales. Specifically, we assume that ter-
race material is sourced from large annual flood events, and that the ‘background’
denudation rate is that of the Garbhlach’s, 0.175 mm/yr, for the entire Feshie basin.
The volume of sediment from the terraces is the product of the migration distance
(Dr), the height of the terrace banks relative to the channel (Hr) and the length
of the eroded terraces (L7). Regarding the terrace migration distances, we use the
basin-averaged migration distances associated with a 1000-year-old terrace for each
sample (see Section 2.4.3). We use this scenario because we can obtain realistic
terrace migration rates when we mix the ‘background’ sediment with 1000-year-old
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terraces that, importantly, have low '#C concentrations. We do not use migration rates
associated with 4000-year-old terraces because the modelled concentrations in these
terraces are higher and require unrealistic migration rates (see Figure 2.11).

The total volume of sediment sourced from paraglacial terraces during large annual
flood events is slightly lower than the ‘background’ sediment volume for most samples.
MILC, which is the sample located near the confluence with the Spey and has the low-
est basin outlet !*C concentration, has a significantly higher terrace volume relative to
the ‘background’ volume. That is, to explain MILC’s low outlet concentration, we need
to dilute the ‘background’ concentration with a larger volume of low concentration
terrace material compared to the other samples which require smaller terrace volumes
(due to their higher basin outlet concentrations).

We calculate erosion rates from sediment fluxes in basins with abundant paraglacial
terraces (i.e., all samples except GAR). Similar to the inferred erosion rates from
CAIRN, we find that these erosion rates are significantly lower than the isostatic uplift
rates for the Feshie basin.
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Figure 2.12: (A) CAIRN erosion rates and sediment flux erosion rates for main
channel samples. Sediment flux erosion rates represent the sum of the ‘background’
erosion rates and the terrace erosion rates. The approximate isostatic uplift rate
is marked by a black dashed line (Shennan et al., 2009). (B) Paraglacial terrace
and ‘background’ sediment volumes for main channel samples. The background
denudation rate (from CAIRN) for the Garbhlach basin, 0.175 mm/yr, was used to
calculate the ‘background’ sediment volumes and sediment flux derived erosion rates
shown in these plots. Terrace migration rates associated with a terrace age of 1000
years were used to calculate terrace volumes and erosion rates from sediment fluxes.
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2.5 Discussion

2.5.1 Relationships between uplift, denudation and slope

We interpret the Garbhlach’s denudation rate of 0.175 mm/yr to be representative of
the true catchment-wide denudation because unlike the remainder of our sampled
basins, the Garbhlach is largely devoid of transient sediment stores and the hillslopes
in the Garbhlach basin appear to be connected to the channel, as shown by the "V"
shaped valley. The Garbhlach’s denudation rate is near the upper bound of previously
reported Late Holocene bedrock incision rates in upland rivers in Scotland. Jansen
et al. (2011) and Kim (2004) inferred present-day vertical incision rates of 0.07 -
0.24 mm/yr by measuring '°Be concentrations of bedrock surfaces along knickpoint
reaches that are assumed to be caused by base-level fall. The Garbhlach is also the
steepest catchment in the Feshie basin which supports the idea that 0.175 mm/yr is
likely to be an upper bound and that the real background denudation rate in the Feshie
may be lower. Nonetheless, the Garbhlach’s denudation rate is an order of magnitude
lower than the glacial isostatic uplift rates predicted for the Feshie basin of >1 mm/yr
(Shennan et al., 2009). We also find that erosion rates calculated from sediment
fluxes, which represent the sum of the ‘background’ and terrace erosion rates and
vary between 0.2 - 0.6 mm/yr, are lower than the isostatic uplift rate. These results
support studies which have proposed that base-level signals propagating inland from
the coast, which are indicated by the presence of knickpoints, have stagnated near
Scotland’s coastlines (Bishop et al., 2005; Castillo et al., 2013). Likewise, we also
find the inferred denudation rates (0.175 - 1.356 mm/yr) do not correlate with any
basin-wide topographic characteristics, such as the normalised channel steepness
index. Our findings therefore align with studies which have suggested that without
the renewal of relief through sustained tectonic activity or base-level lowering, post-
glaciated landscapes in tectonically quiescent terrains may remain in a state of tran-
sient dynamics that last for millions of years (e.g. Ballantyne, 2002; Egholm et al.,
2013; Whitbread et al., 2015). In the absence of sustained tectonic uplift, valleys are
likely to maintain their glacially inherited "U" shaped topography, meaning hillslopes
will remain largely decoupled from channels.



Chapter 2 60

2.5.2 \Variations in the spatial distribution of the inferred denuda-
tion rates

To explain the spatial distribution of our inferred denudation rates, we suggest catch-
ments with paraglacial terraces, into which the rivers are actively eroding (inferred
from flood modelling, geomorphic mapping and remote sensing observations), record
apparently higher CRN denudation rates in comparison to catchments with little al-
luvial fill. The novel sediment mixing model presented can reproduce basin outlet
14C concentrations that correlate to those observed in 'C measurements, using
terrace heights, lengths and realistic terrace migration distances. Thus, we interpret
paraglacial terraces to be a primary source of sediment in the Feshie River which
supports previous studies (Robertson-Rintoul, 1986; Young, 1976) and highlights the
long-lasting impact of the glacial legacy.

Our interpretation of '“C-derived denudation rates to not reflect basin-wide denuda-
tion in catchments with significant sediment storage aligns with theoretical and recent
applied '“C studies (e.g. Hippe, 2017; Slosson et al., 2022). For example, Slosson
et al. (2022) attributed the relatively lower concentrations of *C in comparison to !°Be
concentrations in their study area in the Andes to the presence of complex sediment
storage dynamics in hillslope deposits. Future studies should therefore carefully char-
acterise upstream geomorphic processes when using '“C to infer denudation rates,
as '“C concentrations appear highly sensitive to such processes due to the relatively
short timescales over which '“C accumulates and decays.

In our mixing model, we assume that the Garbhlach’s denudation rate of 0.175 mm/yr
represents the ‘background’ denudation rate because the Garbhlach is largely devoid
of transient sediment stores. As mentioned previously, we believe this rate of 0.175
mm/yr is likely to be an upper bound as the Garbhlach is the steepest tributary
catchment in the Feshie basin; the real background denudation rate in the Feshie
may be lower. We find that lowering the ‘background’ denudation rate in our mixing
model makes a minor difference to the terrace migration rates (see Figure A.S7 in
Appendix A). A future research direction therefore includes sampling across a range
of slope gradients where the upstream basins are devoid of sediment stores.
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Studies have shown that CRN-derived erosion rates based on samples of a given
grain size fraction (e.g., sand) may not give a complete picture of the denudation of
the surrounding hillslopes, as sediment of different grain size fractions may experi-
ence different denudation histories: sand may originate from the abrasion of clasts
during fluvial transport, whereas larger clasts may originate from processes such as
deep-seated landslides (e.g. Belmont et al., 2007; Lupker et al., 2017). This may
challenge the interpretation of the GAR sample (0.175 mm/yr) which is assumed to
represent basin-wide denudation. However, field observations of hillslope material in
the Garbhlach basin show abundant sand in soils within hillslope material and debris
flows (see Figure A.S8 in Appendix A), due to the granite weathering by granular
disintegration in this climate. This observation suggests that the sand sampled in the
Garbhlach is representative of surrounding hillslope erosion from debris flows and
plateau erosional processes. Extracting !“C concentrations from the pebble fraction
would shed further light on this theory.

2.5.3 Terrace migration and terrace ages in Scottish rivers

The modelled terrace migration distances presented in Section 2.4.3 are basin-averaged
(and nested basin-averaged), that is, the model assumes that all terraces connected
to the channel at high flow erode at the same rate. The migration rates we have
calculated appear reasonable for such an active river, which is a characteristic feature
of the Feshie (e.g. Ballantyne, 2019; Rumsby et al., 2008; Williams et al., 2020).
We found that terraces migration rates between 0.08 and 0.5 meters per flood event
are required to explain our measured '“C concentrations. However, it is unlikely that
terraces migrate at the same rate across the catchment: the values we derived may
instead represent an average that reflects a mix between sections that erode slowly
and terrace reaches that experience large amounts of geomorphic change locally. For
example, through flood modelling, Fieman et al. (2020) did not observe widespread
change in the channel planform along the 140 km long River Dee, Aberdeenshire,
following Storm Frank (>200 year recurrence interval). Instead, they observed meter-
scale change at the reach scale (1 km). Our results show that to obtain MILC’s
basin outlet concentration, the terrace migration distances must be higher between
the MILC and ALEAN sampling locations, even when taking into account production
rate uncertainties and terrace age variations. This supports the idea that significant
geomorphic changes may occur locally, as exemplified by the 5-km reach downstream
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of the confluence with the Fhearnasdail tributary. Satellite imagery observations show
this reach to be exceptionally braided with tens of meters of bank migration observed
between 2006 and 2019 (Figure 2.3). Repeat topographic surveys and bank inund-
ation modelling would shed light on the spatial distribution, timing and frequency of
terrace erosion (e.g. Williams et al., 2020,1).

The mixing model presented in equation (2.9) assumes that the total height of a
terrace column collapses into the river during a flood event. It is likely, however, that
not all terraces eroded through total column collapse during the flood event before
sample collection. That is, some terraces may have eroded by undercutting alone,
meaning that only their base was eroded, while others may have eroded from top
collapse, due to destabilisation of the base from previous flood events. If we consider a
scenario where all three mechanisms of terrace collapse occur throughout the Feshie
basin, then the average concentration of 14C coming from the terraces will be similar
to a scenario where we only consider total column collapse. For example, if terraces
in the Feshie formed 1000 years ago and have an average total height of 2.2 m,
with one third eroding due to undercutting (e.g. depth from surface = 1.1 to 2.2 m,
average terrace concentration = 4000 atoms/g), one third eroding from the terrace
top collapsing (e.g. depth from surface = 0 to 1.1 m, average terrace concentration =
12000 atoms/g), and one third eroding based on total terrace thickness (e.g. average
terrace concentration = 8000 atoms/g), then the average terrace concentration (8000
atoms/qg) is the same as concentrations from the terrace erosion model based on the
total terrace column thickness alone. In addition, a combination of terrace erosion
mechanisms (i.e., undercutting, top collapse, and total column collapse) would also
mean that the average terrace height in equation (2.9) would be lower than a scenario
where we just consider the whole terrace column collapsing. The basin average
terrace retreat rates would therefore be higher in a scenario where terraces erode
by various mechanisms.

A future research direction includes constraining the concentrations of paraglacial
terraces in the Feshie basin, which would shed light on their ages and burial history.
Designing a sampling strategy to correlate preserved terraces by terrace height (re-
lative to the channel) appears challenging, however. Field observations of bedrock
reaches (e.g. bedrock knickzone marked on Figure 2.2, bedrock reach at the bridge
downstream from sample ALEAN) between alluvial reaches suggests terraces could
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be longitudinally disconnected. This means that inferring basin-wide terrace ages
(from a small number of sampled terrace profiles) by terrace heights requires careful
consideration of the aforementioned geographical, morphological and temporal com-
plexities.

In the terrace column model, we assume there is no initial “C concentration, on the
basis that the material was buried deep enough before the formation of the terrace
such that all pre-existing '#C had decayed. This latter assumption may not perfectly
reflect reality: some of the sediment in the terraces may have come from upstream
sediment sources (e.g., hillslopes, terraces) during episodes of floodplain aggradation
in the Holocene. As a result, the sediment may not have been completely shielded
until terrace formation, potentially leading to higher '“C concentrations in the terraces
than those modelled in this study (see Section 2.4.3). As discussed in the previous
paragraph, we highlight the dating of terraces in the Feshie basin as a future research
direction.

2.5.4 Choice of cosmogenic radionuclide to infer denudation rates
in post-glacial landscapes

The average integration timescale of the denudation rate for the Garbhlach basin is
approximately 3400 years (Lal, 1991). According to this integration timescale, it could
be possible to constrain denudation rates with !°Be in high-relief basins with complex
Late Pleistocene glacial histories. However, it is important to consider that the erosion
rates and integration timescales are catchment averaged, and that in reality, a basin
will very rarely erode uniformly; some areas will undergo faster denudation, while
others will erode more slowly. Regarding the Garbhlach basin, it is likely that its upper
reaches, which drain the low-relief Cairngorm plateau (see Figure 2.1), erode at a
lower rate than the catchment-averaged rate, and potentially integrate over the Late
Pleistocene. For example, denudation rates lower than approximately 0.05 mm/yr
would integrate over the Late Pleistocene, when the Feshie catchment may have
been glaciated (Chandler et al., 2019; Sissons, 1974)). The long half-life of 1°Be (1.39
Myr) relative to '#C (5700 years) means that °Be would contain larger amounts of
uncertainty from prior exposure during interglacial and interstadial periods. The short
half-life of 1*C means that inferred denudation rates from '“C atoms in stream sedi-
ments will mainly reflect Holocene denudation rates and sediment storage dynamics.
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14¢C is therefore particularly useful for understanding landscape evolution in regions
with complex Pleistocene glacial histories. Moreover, sediment grains in glacial and
paraglacial deposits (e.g., till, paraglacial terraces), which we suggest contribute to
the modern channel sediment flux, may have been transported across topographic
divides with different glacial histories. Understanding the inherited component of !°Be
(due to its long half-life) in these sediment stores is challenging.

2.6 Conclusions

In this study, we calculate Scotland’s first denudation rates over millennial scales from
14C concentrations in stream sediments. We counter-intuitively find the inferred de-
nudation rates (0.175 - 1.356 mm/yr) do not correlate with any basin-wide topographic
characteristics (e.g. slope) and are, on average, lower than the glacial isostatic uplift
rates predicted for the Feshie basin of >1 mm/yr.

We find that catchments with paraglacial terraces into which the rivers are actively
eroding (inferred from field observations, flood modelling and geomorphic mapping)
record apparently higher CRN denudation rates in comparison to catchments with
little alluvial fill. Terraces are expected to deliver lower concentration material because
terrace material has experienced CRN decay with depth and terraces were buried un-
til the last phase of major Holocene incision (post-4000 years). The steepest tributary
catchment of the Feshie River, the Garbhlach, which is largely devoid of terraces,
records an apparent denudation rate of 0.175 mm/yr, providing an upper bound on
the background erosion rate in the Feshie. We propose that the higher apparent
denudation rates along the main stem of the Feshie River and the Lorgaidh tributary
result from the mixing of ‘background’ sediment with low-CRN-concentration material
derived from terrace erosion. These results suggest that '#C-derived denudation rates
in catchments with paraglacial terraces are not representative of true catchment-
averaged denudation rates because the '“C concentrations can be influenced by
short-lived sediment routing and storage processes due to the isotope’s short half-
life (5700 years).
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We present a sediment mixing model which combines the ‘background’ sediment
from catchment-wide denudation with sediment derived from the incision of paragla-
cial terraces. We model terrace migration distances between major flood events and
calculate the #C concentration at each sampling location using two terrace age
scenarios (1000 and 4000-year old). We demonstrate that the samples from the upper
and middle sections of the Feshie basin require similar catchment-averaged terrace
migration distances of 0.08 m/flood event (1000-year old terraces) to produce the
observed '“C concentrations, when considering a flood event with a return period of
around 5 years. We show that the lower area of the Feshie basin requires higher
terrace migration distances (e.g. 0.5 m/flood event for the area between ALEAN
and MILC for 1000 year scenario) to obtain the measured '#C concentration at the
downstream-most sampling site. These rates are compatible with terrace migration
rates derived from satellite imagery between 2006 and 2019. These novel results
highlight the long-lasting impacts of the glacial legacy on sediment dynamics and
indicate that future studies should carefully characterise upstream geomorphic pro-
cesses when using '“C to infer denudation rates.
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Abstract

The grain sizes of sediments in channels have been linked to landscape characterist-
ics, such as flow distance from headwaters, topographic relief, lithology and climate, in
landscapes with little past or present glacial influence. Few studies have explored the
controls on sediment characteristics in formerly glaciated landscapes. In this study,
we document river surface grain sizes at 279 localities across Scotland. We collect
photographs of gravel bars through a citizen science survey, Scotland’s Big Sedi-
ment Survey. Grain sizes distributions are extracted from the photographs using both
manual and automated techniques. We investigate whether grain sizes can be correl-
ated and predicted from environmental variables (e.g., basin slope, flow distance from
headwaters) through Spearman’s correlation statistics and random forest regression
modelling. In contrast to other studies that have primarily focused on non-glaciated
landscapes, we find no apparent controls on surface grain sizes in channels across
Scotland. Specifically, we find no significant Spearman’s relationships between d84
and environmental variables; the strongest relationship was found between d84 and
average basin aridity with a weak > value of 0.29. We also find that the predictability
of our random forest model is poor and only captures 22% of the variance of d84.
We find no correlation between grain size and flow competence, which suggests that
sediment is both transport-limited and supply-limited. We propose that Scotland’s
post-glacial legacy drives the lack of sedimentological trends documented in this
study, and that changes in landscape morphology and sediment sources caused
by glacial processes lead to a complete decoupling between fluvial sediment grain
size and environmental variables. This interpretation aligns with other studies that
have highlighted the ongoing role of the post-glacial legacy on landscape evolution
in tectonically quiescent terrains, both in Scotland and globally. Our results suggest
that fluvial sediment grain size cannot be predicted by a global model based on
environmental variables in post-glacial landscapes.

3.1 Introduction

The delivery of sediments through river basins influences river morphology, hazards
(e.g., flood risk), habitat value (e.g., spawning of salmonids) and landscape response
to climatic and tectonic forcings. The characteristics of sediments delivered from
hillslopes to fluvial systems influences the properties of sediments transported by
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rivers which are eventually exported to terminal sedimentary sinks (e.g., lacustrine
and coastal environments, Attal and Lavé, 2006; Parker, 1991; Sklar et al., 2006;
Whittaker et al., 2010).

Bed grain sizes, the focus of this study, are a key characteristic for understanding
fluvial environments. For example, bed grain sizes influence river transport conditions,
provide information on sediment sources, control rates of bedrock incision (e.g., Sklar
and Dietrich, 2004) and the width of channels (e.g. Baynes et al., 2020; Finnegan
et al., 2005; Li et al., 2020a,2). Initial grain size distributions delivered to rivers are
controlled by fragmentation, weathering and rock mass structure (e.g., Sklar, 2001;
Sklar et al., 2017; Wells et al., 2008). Individual sediment particles then reduce in size,
primarily by abrasion, during downstream fluvial transport (Sternberg, 1875). The
distributions of fluvial grain sizes have therefore been correlated to the longitudinal
flow distance along a channel (e.g., Gomez et al., 2001; Moussavi-Harami et al.,
2004; Rice and Church, 1998; Sklar et al., 2006). Downstream fining trends can be
offset by variations in the supply of sediment (e.g., sediment input from landslides)
and the transport ability of a channel (e.g., Attal and Lavé, 2006; Attal et al., 2015;
Sklar et al., 2006).

A handful of studies have further explored the effects of landscape characteristics,
such as topography, lithology and climate, on the size distributions of channel sedi-
ments at the local scale. For example, hillslope gradient has been shown to be one of
the most important topographic controls on grain sizes (Sklar et al., 2017), and several
studies have shown fluvial grain sizes to increase with hillslope steepness (e.g., Attal
et al., 2015; Purinton and Bookhagen, 2021 ; Whittaker et al., 2010). Attal et al. (2015)
found hillslope grain sizes to increase with hillslope steepness and erosion rates in
the Feather River basin, Northern California. They showed an increase in the channel
sediment grain sizes to arise from an increase in the flow competence (i.e., ability
of a river to transport sediment) and changes in hillslope sediment sources from
soil-mantled to mass-wasting processes (e.g., landslides, debris flows). A similar
trend was documented by Whittaker et al. (2010) in the Appenine Mountains of ltaly,
whereby coarser fluvial grain sizes were measured in landslide-dominated areas.
Likewise, the importance of lithology in controlling bedload characteristics, including
grain sizes, has been demonstrated by several studies (e.g., Mueller and Pitlick,
2013; Purinton and Bookhagen, 2021; Sklar et al., 2020). For example, Mueller and
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Pitlick (2013) showed that more erodible rock types, such as sedimentary rocks, were
associated with higher sediment yields in comparison to more resistance rocks, such
as granitic rocks, in the Rocky Mountains, USA.

Studies have tested the predictability and controls of fluvial grain sizes and sedi-
ment substrate cover at large spatial scales by documenting sediment characteristics
across multiple basins with gradients in topography, lithology, climate and hydrology
(Abeshu et al., 2021; Haddadchi et al., 2018; Mugodo et al., 2006; Snelder et al.,
2011). Given the large spatial extent of these studies, they have focused on applying
data-driven machine learning techniques, such as a random forest regressor. These
empirical models have used readily available environmental variables that broadly
reflect the upstream network structure and sediment source characteristics of each
locality, such as flow distance, basin slope, lithology and precipitation indices. Snelder
et al. (2011) found that surface grain sizes could be reasonably well predicted from a
random forest model for rivers across France which, outside high mountain environ-
ments, has largely not been glaciated. Their study found an 2 value of 0.52 between
the observed and predicted values, and identified channel slope, basin averaged
slope and rock hardness to be the most important variables controlling the modelled
grain sizes.

Research into controls on bedload grain sizes has largely focused on landscapes
with no past or present glacial influence. Formerly glaciated landscapes are typically
more complex than landscapes with no glacial influence. Key challenges associated
with understanding geomorphic processes in post-glacial landscapes originate from
the glacial modification of hillslopes and channels, such as decoupling of hillslopes
from channels due to the over-deepening and widening of valleys by glaciers, or
extensive glacial sediment drapes (e.g., till, moraines, paraglacial terraces) which
influence sediment supply and transport capacity (Attal and Lavé, 2006; Ballantyne,
2019; Mason and Polvi, 2023; Reid et al., 2022; Whitbread et al., 2015). Such areas
represent a significant fraction of global land (e.g., most of the UK, Scandinavia, North
America) and their extent will inevitably grow as a result of glacial retreat driven by
climate change. A key research avenue therefore includes exploring the applicability
of global predictive grain size models, such as that proposed by Snelder et al. (2011)
which was tested in a largely non-glaciated landscape, to post-glacial landscapes.
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In this study, we adopt a similar approach to Snelder et al. (2011) and test whether
grain sizes can be predicted in Scottish river basins. Scotland was deglaciated around
12 kyr ago following the disappearance of the British-Irish Ice Sheet (Ballantyne,
2019; Clark et al., 2018; Firth and Stewart, 2000; Shennan et al., 2009). Scotland
has subsequently been in a phase of glacial isostatic uplift, with average present-
day rates varying between 0.5 and 1.2 m/kyr (Bradley et al., 2023). Many Scottish
river basins exhibit typical features of post-glacial landscapes, such as U-shaped
valleys and paraglacial sediment stores, many of which contribute large quantities
of material to modern rivers (e.g., Ballantyne, 2008). We consider the hypothesis that
grain sizes can be reasonably well predicted from environmental variables similar to
those outlined by Snelder et al. (2011) in Scottish river basins. That is, we question
if 12000 years is a sufficient period to allow a formerly glaciated landscape to adjust
its sediment characteristics to reflect local fluvial conditions. The corresponding null
hypothesis is that grain sizes cannot be predicted.

To test our hypotheses, we develop a photograph-based methodology for gathering
a spatially extensive dataset of grain size distributions. After a description of our
photograph-based methodology, we describe the predictive variables and the random
forest regressor model. Subsequently, we present our model predictions and discuss
the complexities associated with documenting large-scale trends and controls on
fluvial grain sizes in post-glacial landscapes.
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3.2 Methods

3.2.1 Grain size data collection

Sediment characteristics, including grain sizes, are poorly documented in Scotland.
In light of the limited grain size data available and the time-consuming nature of
traditional field sediment surveys (Bunte and Abt, 2001; Wolman, 1954), we gathered
surface sediment size data through a citizen science project, Scotland’s Big Sediment
Survey (SBSS). SBSS was designed through ESRI's Survey123 platform (https://
survey123.arcgis.com/). Users were asked for two types of photographs: a context
photograph of the sediment deposit, and a surface photograph of the sediment bar
(see Figure 3.1 for examples). Users were requested to include an object for scale
in the surface photograph (e.g., penknife, plastic card) and to take the photograph
parallel to the bar from a known height (e.g., person’s height, chest-height). Both
of these measurements were then recorded by the user on the Survey123 form.
Users provided the location of the sediment bar through either dropping a pin on a
map (which was provided on the survey platform), uploading a geographic position
or enabling the camera’s location feature. Prior to sediment grain size extraction,
all photographs and corresponding survey information were pre-screened for quality
assurance (e.g. photos were removed with spurious locations). A total of 275 locations
were obtained across Scotland from SBSS (Figure 3.1).

In addition to the locations collected through SBSS, we used Wolman Point Counts
(Wolman, 1954) to survey the intermediate axis of 100 clasts at four locations (see
Figure 3.1 for locations). At these sites, a tape measure was positioned on the sed-
iment bar parallel to the river’s flow direction, and sediment grains were measured
every 50 cm.

3.2.2 Grain size extraction methods: PebbleCounts and manual
counting

We examine trends in sediment sizes through photo-based measurements of the in-
termediate axis (b-axis) which we extract through automated and manual techniques.
Automated and semi-automated techniques have received significant attention in re-
cent years because they are typically less time-consuming and can be used to obtain
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a larger sample size (Harvey et al., 2022; Purinton and Bookhagen, 2019). Automated
algorithms include both image segmentation (e.g., Detert and Weitbrecht, 2013; Pur-
inton and Bookhagen, 2019) and texture-based approaches (e.g., Brasington et al.,
2012; Westoby et al., 2015).

In this study, we apply PebbleCountsAuto which is an automated grain segmentation
algorithm (Purinton and Bookhagen, 2019). PebbleCountsAuto initiates the segment-
ation process from both the grain colour and interstices. The algorithm then fits an
ellipse to the segmented area from which the pebbles axes values are extracted. Pur-
inton and Bookhagen (2019) compared PebbleCountsAuto to a manually measured
control dataset at 12 sites in North-West Argentina and reported an average mean
error of 0.15 y across several percentiles, where y represents the negation of the ¢
unit typically used to describe grain size data (v = —¢ = log2(mm)). In this study, we
also compare PebbleCountsAuto results to a manually measured control dataset, the
procedures of which are described below.

Images are scaled in PebbleCountsAuto from the camera resolution, R, which is
calculated from the camera’s sensor height or width, S, focal length, f, image height
or width, /, and the camera height, h, the latter of which is recorded in the survey data.
The camera resolution is given by:

Sh
R=—
f1

In this study, the average and maximum resolution of images processed through

(3.1)

PebbleCountsAuto were 0.54 mm/pixel and 1.05 mm/pixel respectively. The lower
detection limit of a pebble’s b-axis length in PebbleCountsAuto is 20 pixels which
equates to a minimum b-axis length of 21 mm with our maximum camera resolution
of 1.05 mm/pixel. We conservatively truncate the grain size distributions at 25 mm for
all photographs.

A potential user-derived uncertainty associated with the camera resolution of the
photographs and the final grain size measurements originates from the height at
which the photographs were taken. We perform a sensitivity analysis to test the
influence of camera height on camera resolution with a standard consumer-grade
camera (e.g., sensor height = 4.55 mm, focal length = 4.3 mm, image height = 3024
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pixels). For example, an increase in height of 15 cm increases the camera resolution
by 0.05 mm/pixel. Thus, for our average camera resolution of 0.54 mm/pixel, an
increase in camera height by 15 cm increases the final grain size measurements by
~ 10 % (see Table B.S2 in Appendix B for full sensitivity analysis). We further discuss
the overall influence of camera height-derived uncertainties in the sample comparison
(Section 3.2.2).

Photos that could not be processed through PebbleCountsAuto due to issues with
calculating camera resolutions (e.g., missing metadata) or significant segmentation
faults were manually processed by overlaying a regular square grid with 100 line
intersections (Kellerhals and Bray, 1971). Clasts were scaled according to the object
placed in the image and the object’s corresponding dimensions which were recorded
on the survey platform. Ideally, the size of the grid applied to the photographs should
be chosen so that no more than one grid intersection falls on one pebble. However,
such a requirement is nearly impossible to fulfil where large grains span multiple
intersections. Clasts that cover grid intersections n times were therefore counted n
times following the voidless cube model presented by Kellerhals and Bray (1971).
Overall, 37 % of the images obtained through SBSS were processed through Pebble-
CountsAuto and 63 % were processed manually.
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Figure 3.1: (a) Map of Scotland (focused on the mainland) showing 279 surveyed
locations. Circles represent samples processed with PebbleCountsAuto, triangles
show manually clicked sites, and stars represent samples measured using Wolman
Point Counts. Water bodies are shown in dark blue and drainage basin outlines (15
arc-second resolution) in black (sourced from the HydroLAKES and HydroBASINS
databases, (Lehner and Grill, 2013; Messager et al., 2016)). (b) Context photograph
of gravel bar. (¢) Top-down, surface photograph of sediment with a card that is 8.5 cm
in length for scale.
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Comparison between grain sizing tools

To test the performance of PebbleCountsAuto, we compare the apparent 50" (d50)
and 841" (d84) percentiles at 9 sites in the Tay basin to a manually measured control
dataset. These sites represent a range of pebble sizes and lithologies, spanning from
the Tay’s source in the Highlands to upstream of its estuary (see Table B.S1 in Ap-
pendix B for sample locations). All 9 sites have an image resolution of 0.47 mm/pixel.
We exclude grains with a b-axis below 25 mm which is consistent with the minimum
truncation value that we apply to our Scotland-wide dataset (see Section 3.2.2). We
compare the 50" and 84" percentiles in mm by the mean error (me), normalised root
mean squared error (nrmse) and r-squared linear regression coefficient (r?). We also
compare the 50" and 84™ percentiles derived from PebbleCounts and the manually
measured dataset using t-tests.

Error bars are plotted on both the manual and PebbleCounts measurements in Fig-
ure 3.2. With regards to our manually measured samples, we assess the impact of
the largest clast covering multiple grid nodes using the method presented by Attal
et al. (2015). Firstly, the largest clast was removed from the grain size distribution to
estimate d50 and d84 percentiles; secondly, a large clast of the same size as our
largest clast was added, covering the same number of grid nodes. Error bars on
manually measured grain size figures represent the range of values between these
scenarios. For PebbleCountsAuto measurements, we plot error values of +/- 10% to
account for potential uncertainties associated with the height of the photograph. An
uncertainty of ~ 10% represents a change in camera height by 15 cm for a camera
resolution of 0.47 mm/pixel (see Section 3.2.2).

We find that PebbleCountsAuto generally underestimates the grain sizes compared
to manual measurements of photos, especially at the localities with larger grain sizes
(sample sites 6-9, Figure 3.2). The PebbleCounts d84 measurements are statistically
similar (p-value from t-test > 0.05, r*> = 0.94) to the manual measurements whereas
the d50 percentiles are different (p-value < 0.05, r> = 0.73). Likewise, the d84 com-
parison has a lower nrmse (0.28) than the d50 comparison (nrmse = 0.44, Figure 3.2).
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Our PebbleCounts comparison aligns with results from other studies that have com-
pared PebbleCounts to manually measured datasets (e.g., Chardon et al., 2022;
Miazza et al., 2024). In line with our findings, these studies have shown that Pebble-
Counts generally underestimates grain sizes. These studies attributed these trends
to over-segmentation issues which arise from inter-granular textures (e.g., veins, frac-
tures), and irregular shadowing (Figure 3.2c). Visual observations of our Pebble-
Counts output images suggest that larger grains have more inter-granular textures
(e.g., veins, fractures), which may explain the apparent over-segmentation at locations
with larger grain size distributions (sample sites 6-9, Figure 3.2). Given the lower
errors associated with the d84 percentile, we focus our analysis on this percentile.
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Figure 3.2: Figures (a) and (b) show comparisons between PebbleCounts and the
manually measured control dataset at 9 sites in the Tay basin (see Table B.S1 in
Appendix B for sample locations). Error bars are plotted according to the procedure
outlined in Section 3.2.2. The mean error (me), normalised root mean squared error
(nrmse) and r-squared linear regression coefficient (r%) are shown on figures (a) and
(b). Figure (c) shows an example of an output image from PebbleCounts. Common
errors such as under-segmentation, over-segmentation and undetected grains are
highlighted.
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3.2.3 Selection of environmental variables

We test the applicability of global empirical grain size models (e.g., Abeshu et al.,
2021; Snelder et al., 2011) to Scottish river basins by using similar environmental
variables and Machine Learning techniques. For each sample, we determine channel
slope, elevation and flow distance in LSDTopoTools (Mudd et al., 2023) from a 5 m
Digital Terrain Model (DTM) sourced from the Ordnance Survey (Ordnance Survey,
2021). Channel slope was averaged over 100 m. We delineate the upstream contribut-
ing basin area, and then calculate basin-averaged topographic metrics including basin
area, slope and drainage density. We record basin-averaged aridity for each sample
from a global aridity map by Zomer et al. (2022). For each of the sampled sites, we
measure bankfull channel width from Bing Satellite Imagery. We define bankfull width
as the distance orthogonal to the flow direction between either bedrock banks or the
limit of vegetated bars on the edge of channels (e.g., Baynes et al., 2020).

Like other global empirical grain size studies, we calculate average bedrock erod-
ibility of each sample’s upstream basin. We attribute an erodibility value to every
lithological unit present on a geological map of Scotland sourced from the British
Geological Survey (BGS, 2021). We estimate each lithology’s erodibility using an
index developed by Campforts et al. (2020) and Clubb et al. (2023). The lithological
erodibility index, Lg, incorporates approximations of rock strength, Ly, and the degree
of metamorphism, L,;, on the assumption that stronger and highly metamorphosed
rocks are less erodible (Clubb et al., 2023). Lr assumes that the erodibility of a unit
is based on L; and Ly, for non-igneous rocks, and Ly alone for igneous rocks. L,
ranges from 2 (e.g., granite, gneiss) to 12 (e.g., unconsolidated deposits). Similarly,
Ly varies from 2 (highly metamorphosed) to 12 (unmetamorphosed); sedimentary
rocks are classified as unmetamorphosed. The lithological erodibility, Lg, is calculated
as:

2
Lg = ?L’ (3.2)

(L +Lyr) .
———, non-igneous rocks

L= 3 (3.3)
— igneous rocks
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We refer the reader to Figure B.S2 in Appendix B for the lithological erodibility map of

Scotland.

Finally, we document the percentages of peat, alluvium, glacial till and glaciofluvial

material in each sample’s upstream basin (Haddadchi et al., 2018; Snelder et al.,

2011). Superficial maps were downloaded from the British Geological Survey (BGS,

2021). A list of the environmental variables is provided in Table 3.1.

Variable Name

Description

Data source

Aridity index

Mean basin ratio of annual mean
potential evaporation to annual
mean precipitation

Zomer et al. (2022)

Drainage density

Total stream
drainage area

length divided by

Drainage area

Upstream contributing basin area

Basin slope

Mean basin slope

Channel slope

Channel slope of sample averaged
over 100 m upstream

Channel elevation

Elevation of sample

Flow distance

Longitudinal flow distance from a
channel’s most upstream source. A
contributing area of 0.125 km? was
used to define the beginning of a
channel.

5m DTM from
Ordnance Survey (2021)

Bankfull channel width

Distance orthogonal to the flow dir-
ection measured between banks

Bing Satellite imagery

Basin bedrock erodibil-
ity

Mean basin bedrock erodibility

BGS (2021), bedrock layer

Percentage of Till in
catchment

Material deposited underneath a
glacier without subsequent fluvial
reworking

Percentage of Alluvium
in catchment

Material deposited by rivers

Percentage of Glacio-
fluvial in catchment

Material deposited by glacial melt-
water streams

Percentage of Peat in
catchment

Partially decomposed mass of ve-
getation

BGS (2021),
superficial layer

Table 3.1: Description of environmental variables and their data sources.
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3.2.4 Random forest regressor model

To assess the relative importance of the environmental variables in controlling grain
sizes, we apply the same methodology as Snelder et al. (2011) and use a random
forest regression (RFR). RFR is a form of supervised Machine Learning which uses
an ensemble of decision trees to predict a target variable (Breiman, 2001). Predictions
are made by formulating unforeseen, multi-dimensional relationships between the
input features. The model performance and apparent feature importance can then
be evaluated by assessing the correlation between the observed and predicted grain
sizes. In this study, we perform a leave-one-out-cross-validation (LOOCV) which trains
the model on all but one sample and then evaluates the performance of the model on
the excluded data point. This process is then repeated for each data point.

3.2.5 Flow Competence and sediment entrainment

In a scenario where all grain sizes are available for transport, the grain size of the
sediment mobilized by a river is expected to increase with flow competence (Bathurst,
2013; Ferguson and Ashworth, 1991; Whitaker and Potts, 2007). In this case, the
grain size can be considered ‘transport-limited’, that is, limited by the ability of the
river to transport a given grain size. In some situations, rivers are only provided
with fine grained sediment; in such systems where there is a lack of coarse grains
available for transport, the grain size mobilized by the river will be ‘supply-limited’
(Attal et al., 2015). Thus, the relationship between flow competence and grain size
can provide information on sediment supply-limited and transport-limited conditions.
Both scenarios may arise in our study area due to post-glacial processes affecting
the distribution of sediment stores and the transport ability of channels. We therefore
analyse this relationship to assess whether trends can be observed, that may reflect
the dominance of one or the other of these conditions.

Flow competence is typically expressed as a function of shear stress (e.g., Buff-
ington and Montgomery, 1997; Mueller and Pitlick, 2014), which is calculated from
the hydraulic radius of a channel and other parameters (Shields, 1936). However,
the hydraulic radius can be challenging to measure due to access to sampling loca-
tions, identification of reference conditions (e.g., reference discharge) for comparison
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across all sites, and unmanageable sample sizes. An alternative approach consists of
using the relationship between unit discharge and grain size that has been explored
by researchers based on experimental work and field data (Attal et al., 2015; Bathurst,
2013; Whitaker and Potts, 2007). In its simplest form, the equation is:

qei = aD? (3.4)

where ¢.; is the critical unit discharge required for the entrainment of sediment of
grain size D;, a is a coefficient and b an exponent that should take the value of 1.5
for sediment of uniform grain size (Bathurst, 2013; Whitaker and Potts, 2007). The
b exponent was found to vary between 0.15 and 1.3 based on a compilation of field
data by Bathurst (2013) and Whitaker and Potts (2007), with the values being self-
consistent within given datasets, and seemingly dependent on the flow regime (rainfall
versus snowmelt-dominated; Bathurst (2013)), sampling method, and the definition
of the grain size of interest D; (taken as D,,,, in the study by (Whitaker and Potts,
2007)). Importantly, both studies showed a strong dependency of the relationship to
the channel slope S. Considering that our dataset includes channel slopes spanning
orders of magnitude, we believe that using a relationship that includes S as a con-
trolling variable is essential.

Bathurst et al. (1987) proposed the following equation based on flume experiments
using sediment of uniform grain size in the range 3-44 mm and slopes ranging between
0.0025 and 0.2 m/m:

ge = 0.15g% D! 5™ (3.5)

where ¢, is the critical unit discharge required for the entrainment of sediment of grain
size D, g is the acceleration due to gravity and M is an exponent found to vary in a
narrow range: Bathurst et al. (1987) found a value of 1.12 in their experiments, while
Bathurst (2013) found a value of 1.15 based on a compilation of flume data, close
to the value of 1.17 ‘derived by Schoklitsch (1962) from the Shields equation and
Manning-Strickler flow resistance equation’.

Equation 3.5 can be rearranged as:



Chapter 3 83

D =1[0.15g%°QsM /w?/3 (3.6)

where W is channel width and Q the discharge. If sediment grain size is transport-
limited, i.e., controlled by flow competence, a power relationship can therefore be
expected between the grain size D and the quantity @,, (Attal et al., 2015), where

O = OSM /W (3.7)

For the purpose of this Scotland-wide analysis, we assume that drainage area A can
be used as a proxy for discharge and use the variable w}, that substitutes Q for A:

w,, = ASM /w (3.8)

Attal et al. (2015) had found a significant power relationship between the grain size of
surface sediment and ), in tributaries of the Feather River, Sierra Nevada, California.
The exponent derived from their dataset was 0.61, 0.53 and 0.4 for d50, d84 and
d100, respectively, with an exponent closest to the expected 2/3 value for the median
grain size d50.

Here, we use a value of 1.15 for the exponent M (Attal et al., 2015). We use the
measured bankfull width (described in Section 3.2.3) to calculate @], and make the
assumption that the modelled percentiles (d50 and d84) are transported during the
bankfull width’s corresponding flow conditions, which is, by definition, the bankfull flow.
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3.3 Results

In this section, we present the following results: (1) national-scale map of grain sizes,
(2) correlations between grain sizes and environmental variables outlined in Table 3.1,
(3) RFR predictions and associated variable importances, and (4) flow competence
analysis. We convert our grain size percentiles to the typical v scale for correlation
statistics and RFR analysis. This allows direct comparison of statistical results with
Snelder et al. (2011).

The d84 percentiles documented in this study range from 4.91 y to 8.64 v and
follow a positively skewed distribution where the majority of the values fall between
5.7 y and 7 y (Figure 3.3). A map of the d50 percentiles is shown in Figure B.S1
in Appendix B. There is generally no discernible spatial patterns of grain size. Rivers
along which multiple samples were taken show no obvious fining trends. The coarsest
sediment (d84 in excess of 175 mm) is found both in the headwaters (e.g., Spey), in
the middle reaches (e.g., Dee) or near outlets (e.g., Findhorn) of river catchments.
Likewise, the finest sediment is found in diverse regions of the various river systems.
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Figure 3.3: (a) Map of Scotland (focused on the mainland) showing 279 surveyed
locations coloured according to d84 (mm). Circles represent samples processed
with PebbleCountsAuto, triangles show manually clicked sites, and stars represent
samples measured using Wolman Point Counts. Water bodies (<10 hectares) are
shown in dark blue and drainage basin outlines (15 arc-second resolution) in black
(sourced from the HydroLAKES and HydroBASINS databases, (Lehner and Grill,
2013; Messager et al., 2016)). Drainage basins that are referred to in the main text
are labelled. (b) Histogram of d84 grain sizes converted to the y scale.
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Overall, grain size does not show any significant Spearman’s correlations with the
independent variables (Figure 3.4). The strongest correlations observed for the d84
are with the average basin aridity (0.29) and average basin bedrock erodibility (-
0.26). The percentages of alluvium, peat and glaciofluvial material also display similar
correlation values of ~ 0.2.

Figure 3.4: Spearman’s correlations between measured grain size (d84) and various
hydrological, climatic and topographic variables.

Results from the Random Forest Regressor model show the normalised importance
of each environmental variable using the impurity reduction method, and the model’s
predictive ability (Figure 3.5). The most important variables modelled for the d84 are
the average basin bedrock erodibility and channel slope of the sample, which have
normalised importance values of 0.16 and 0.12, respectively. These variables present
some of the strongest Pearsons correlations with grain size (Figure 3.4). However, the
predictive ability of the RFR model is poor, which raises caution to the interpretation
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of variable importance. When validated against the unseen testing data through the
LOOCV method with all features included, the RFR presents a nrmse of 0.10 y and r?
of 0.22. Similar results are also observed for the d50 (see Figure B.S3 in Appendix B).

Figure 3.5: Results from the random forest regressor analysis. (a) shows the model’s
predictive ability, which is extremely poor. The dashed red line represents the 1:1
relationship. (b) shows the normalised variables’ importance for predicting the d84
percentile. Normalisation is performed by dividing each importance score by the sum
of all importance scores.

As discussed in Section 3.2.5, the relationship between ®),, which we use a proxy
for flow competence, and grain size can provide information on supply-limited and
transport-limited grain size conditions. In supply-limited systems, there would be an
apparent grain size threshold that would not be exceeded, even at high flow compet-
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ence. A power relationship between grain size and @, would be expected to reflect
transport-limited grain size conditions. Neither of these is obvious in our Scotland-
wide d84 dataset (Figure 3.6a): a wide range of grain sizes is observed across a
wide range of flow competences. Similar results are also observed for the d50 and
samples that have been measured manually (see Figure B.S4 in Appendix B). We
note however that ~ 50 % of the d84 data at high flow competence (®/, > 50000
m) sits in the lower two quartiles of the entire d84 distribution, potentially reflecting
supply-limited grain size conditions (i.e., the river has the potential to transport coarser
sediment but coarse sediment is not available for transport). We acknowledge that
actual trends may be obscured in the noise due to the dataset amalgamating data
from a very wide range of geological and geomorphological settings across Scotland.
We therefore isolate the Feshie River basin which is very dynamic, with evidence of
frequent bedload transport (Matthews et al., 2024) and for which we have 18 data
points (Figure 3.6b). Similarly, we observe no apparent correlation between ), and
d84, although we note again that three of the four data points with the highest flow
competence sit at values close to the median of the entire Feshie dataset.
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Figure 3.6: d84 as a function of variable )/, which is a proxy for flow competence
(Equation 3.8). (a) shows the results for our Scotland-wide dataset. The median
of the entire d84 distribution is shown by the red dashed line. Black dashed lines
represent power law relationships between d84 and w;, with exponents of 2/3 and
0.4 (curves (1) and (2), respectively). These curves bracket the range of exponents
found by Attal et al. (2015) in the Feather River basin, Sierra Nevada, California: they
found exponents of 0.4, 0.53 and 0.61 best fit their data for the d100, d84 and d50 of
their measured surface sediment, respectively. Median grain size d50 was fit with the
exponent closest to the expected 2/3 value from experimental work and compilation of
field studies (Bathurst, 2013; Whitaker and Potts, 2007). In a scenario where sediment
grain size is controlled by flow competence (‘transport-limited’), a power relationship
between grain size and w], would be expected. (b) shows the relationship between
w,, and d84 for the Feshie basin which is a mountain river in the Spey catchment
where 18 data points are available (see Figure 3.3 for the Feshie’s location). The
median of the Feshie’s d84 distribution is shown by the red dashed line.
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3.4 Discussion

In this study, we do not find any apparent control on surface grain sizes in channels
across Scotland. Our results contrast with those of Snelder et al. (2011) and Mugodo
et al. (2006) who found that grain sizes and/or substrate cover could be reasonably
well predicted for rivers at large spatial scales. Snelder et al. (2011) found that grain
sizes could be reasonably well predicted for rivers across France using a random
forest model: in their study, the random forest predictor captured 52 percent of the
variance in the measured grain sizes (sample size > 500), whereas in Scotland we
find the random forest predictor only captures 22 percent of the variance of d84.
Mugodo et al. (2006) found that 65 percent of the variance in fluvial substrate cover
could be predicted for rivers across eastern Australia (sample size < 100). We also
find no correlation between flow competence and grain size: d84 values ranging from
40-350 mm are observed across several orders of magnitude of the parameter ®;,
(Figure 3.6).

Scotland’s post-glacial legacy may drive our inability to predict grain size based on a
number of landscape properties that have been shown to control grain size elsewhere,
such as gradient, underlying lithology and downstream flow distance (e.g., Attal and
Lavé, 2006; Sklar et al., 2017; Snelder et al., 2011). As discussed so far in this thesis,
past glaciations have modified the spatial locations and grain size distributions of
sediment stores, and the drivers of flow competence (i.e., channel slope and width)
(Attal and Lavé, 2006; Ballantyne, 2019; Johnson et al., 2022; Mason and Polvi, 2023;
Reid et al., 2022; Whitbread et al., 2015). In many Scottish river basins, channel
erosion has exposed paraglacial sediment stores that contribute large quantities of
sediment to modern rivers (e.g., Ballantyne (2019), Chapter 2). The longitudinal pro-
files of rivers also shows a strong glacial control that can influence sediment transport;
many profiles are highly irregular, with long stretches of low gradient reaches that
are interspersed by shorter, steeper reaches (Jansen et al., 2010; Whitbread et al.,
2015). The empirical modelling approach applied in this study uses, in some cases,
catchment-averaged variables that do not reflect spatial variations in sediment supply
and transport capacity along river profiles. Studies have shown that spatial variations
in the grain size of sediment supplied to rivers can significantly impact the grain size
of sediments in rivers locally and further downstream (e.g., Attal and Lavé, 2006; Attal
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et al., 2015; Sklar et al., 2006; Whittaker, 2012). We therefore suggest that Scotland’s
post-glacial legacy contributes to the absence of correlation between grain size and
landscape properties.

Snelder et al. (2011) found average basin slope to be the most important control on
fluvial grain sizes for rivers across France. In contrast, we did not find a significant
relationship between grain size and basin slope at our sampled locations. In addition
to the supply of material from glacial and paraglacial sediment stores and irregular-
ities in channel profiles, we suggest that the general decoupling between hillslopes
and channels in post-glacial landscapes also contributes to such observations. Many
Scottish river valleys exhibit ‘U’ shaped valleys with wide valley floors meaning that
significant stretches of the channel network are disconnected from hillslope sediment
sources (Ballantyne, 2008; Whitbread et al., 2015). Studies have suggested that in
the absence of sustained tectonic uplift or base level lowering, valleys are likely to
maintain their glacially inherited ‘U’ shaped topography and remain in a state of
transient dynamics that last for millions of years (Ballantyne, 2002; Egholm et al.,
2013; Prasicek et al., 2015; Whitbread et al., 2015).

While we observe no apparent relationship between flow competence and grain size
in Figure 3.6, we find fine grain sizes across a wide range of flow competences, includ-
ing high flow competences. This observation may indicate that sediment grain size is
supply-limited in some rivers, that is, river stretches with high competence transport
fine sediment because no coarse sediment is available for transport. Likewise, coarse
grain sizes are found in rivers with relatively low flow competence. We propose that
the heterogeneous nature of post-glacial sediment supply and post-glacial channel
morphology contributes significantly to the supply-limited and transport-limited grain
size conditions observed in the flow competence analysis. Steep, powerful rivers
may source sediment from fine-grained glacial and paraglacial deposits. Likewise,
rivers with a low flow competence, such as those that drain plateaus and low gradi-
ent valleys, may be locally supplied with sediment from coarse-grained glacial and
paraglacial sediment sources (Figure 3.7). For example, the Garry River (Spey basin)
has a low apparent flow competence, but exhibits some of the coarsest sediment on
our Scotland-wide map (d84 = 188 mm). A potential explanation for this could be that
sediments are largely sourced from the abundant upstream paraglacial and glacial
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deposits. These coarse deposits are only likely to become mobile during the largest
of flood events. Diagrams and photographs in Figure 3.7 illustrate the post-glacial
geomorphic processes discussed in this paragraph.

In this study, we used citizen science to gather grain size data on a national scale in a
relatively data-sparse country. This extensive spatial coverage enabled us to explore
controls on grain sizes across a range of landscapes, allowing us to document large
distributions in channel slopes, widths and other environmental variables. Document-
ing grain sizes at such a large spatial scale would not have been feasible using current
remote sensing techniques, as these methods are labour-intensive, costly, and of
limited spatial coverage. The survey was cost-effective and quick, and contributes to
the growing body of research using citizen science to monitor river characteristics
(e.g., Riverfly Monitoring Initiative; https://www.riverflies.org/). Importantly,
the survey fostered significant public engagement due to the importance of sediment
on applied matters such as flood risk and habitat value.
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Figure 3.7: Caption on next page.
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Diagrams and photographs illustrating the contrast in sediment dynamics between
non-glaciated landscapes and post-glacial landscapes. (a-b) In non-glaciated land-
scapes, feedbacks are expected between erosion rates, hillslope steepness, channel
steepness, and the grain size of the sediment supplied to rivers (Attal et al., 2015).
In slowly eroding, low relief landscapes, low competence rivers (low gradient) are
supplied with and transport fine sediment (a). As relief increases, rivers become more
powerful (steeper gradient, higher competence) and are supplied with a wider range of
grain sizes (b). In a scenario where all grain sizes are available for transport, the grain
size of the sediment mobilized by a river is expected to increase with flow competence.
In this case, the grain size can be considered ‘transport-limited’. (c-f) In post-glacial
landscapes, these feedbacks do not operate anymore. (¢) shows a channel with low
flow competence (low gradient) but a coarse sediment load, which is supplied from
glacial and paraglacial sediment stores. (d) shows a steep relict gorge from glacial
erosion (e.g., gorge connecting a hanging valley) with a high flow competence (steep
gradient) but a fine sediment load as no coarse sediment is available on the upstream
plateau. These situations are illustrated by photographs (e) and (f), respectively. (e)
shows a glacial/paraglacial sediment store feeding large quantities of coarse sediment
to the River Rhue (scarp is approximately 10 m high). (f) shows a relatively fine-
grained, well-sorted gravel bar along a steep bedrock reach of the River Feshie which
is a tributary of the upper Spey basin (channel is approximately 5 m wide).



Chapter 3 95

3.5 Conclusion

In this study, we document river surface grain sizes across Scotland using photo-
graphs of gravel bars. Grain sizes are extracted from the photographs through a
combination of manual and automated techniques. We investigate whether grain sizes
can be correlated with, and predicted from, a series of environmental variables (such
as upstream basin slope) that have been suggested to control grain sizes in previous
studies. In contrast to other studies that have primarily focused on non-glaciated
landscapes, we find no apparent controls on grain sizes. We find weak Spearman’s
rank correlations between grain size and environmental variables. We also find that
grain sizes cannot be predicted from a random forest model, in contrast to Snelder
et al. (2011) who found that grain sizes could be reasonably well predicted for rivers
across France. We find no correlation between flow competence and grain size.

We propose that Scotland’s post-glacial legacy drives the lack of sedimentological
trends documented in this study. This interpretation aligns with our findings from
Chapter 2 and other studies that have highlighted the ongoing role of the post-glacial
legacy on landscape evolution in tectonically quiescent terrains, both in Scotland and
globally. Key geomorphic processes in post-glacial landscapes that contribute to a
decoupling between channel, catchment morphology and fluvial sediment grain size
include the disconnection between hillslopes and channels in "U"-shaped valleys,
presence of steep reaches at various locations along river long-profiles (and not just in
the headwaters), presence of high-elevation low-relief plateaus and hanging valleys,
and paraglacial and glacial sediment stores (e.qg., till, fluvio-glacial terraces and fans)
acting as sediment sources at many locations along rivers. Thus, steep reaches (high
competence) may transport only fine sediment due to the absence of coarse sediment
available for transport upstream (grain size is ‘supply-limited’). Meanwhile, low gradi-
ent (low competence) reaches may source sediment from coarse-grained glacial and
paraglacial deposits, leading to anomalously coarse fluvial deposits that are mobilized
only during the most extreme events. As a result, surface fluvial sediment grain size
cannot be predicted by a global model based on environmental variables in post-
glacial landscapes. Our results suggest that studies aiming to assess the controls and
importance of sediment on hazards (e.g., flood risk), habitats, and river morphology
in post-glacial landscapes need to rely on the careful characterisation of upstream
grain size distributions and geomorphic processes.
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Abstract

This study investigates how rivers in Southern England responded to coastal erosion
and sea-level rise over the Holocene. Emerging research has shown that coastal
erosion can initiate the formation of migrating knickpoints. We test a model based
on well-established fluvial geomorphometry relationships with a coastal erosion com-
ponent. If the model is valid, we expect the percentage of incising channel outlets to
decrease with drainage area for a given lithology and coastal erosion rate. Lithology
and coastal erosion rates should also control the outlet type. That is, we expect
incising outlets to form in larger drainage basins in regions with higher coastal erosion
rates, if all other factors are equal. For more resistant lithologies, we expect a greater
proportion of channel outlets to incise compared to less resistant lithologies, because
rivers incising more resistant lithologies are expected to be relatively steeper. By
examining over 400 river profiles through topographic analysis, we find some evidence
that our observations of channels in Southern England align with the model, but also
evidence to the contrary. We find that channels underlain by more resistant rocks
have steeper gradients and a higher percentages of these channels incise for a given
drainage area (< 25km?), compared to channels underlain by less resistant rocks.
This finding supports the model. However, we observe a mix of incising and non-
incising outlets across all drainage areas within each region, suggesting that the
model does not fully explain the outlet type of rivers in Southern England. Additionally,
we do not observe a clear influence of coastal erosion on the threshold drainage area
between incising and not incising channels. To explain the apparent discrepancies
between the model and our observations, we suggest that channels may not have
exhibited the classic power-law relationship between slope and drainage area before
coastal erosion. We also question the assumption that long stretches of the coast
experienced comparable rates of erosion, the simplified grouping of lithologies, and
the impact of past Quaternary sea-level stands on sea-cliff formation.

4.1 Introduction

The upstream propagation of knickpoints is an important mechanism for channel
incision and the communication of changes in external drivers such as climate, sea
level and tectonics throughout a landscape. Migrating knickpoints are commonly asso-
ciated with base-level fall, with knickpoints typically forming in response to an increase
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in the rate of rock uplift or base-level fall (e.g., Castillo et al., 2013; Crosby and
Whipple, 2006; Jansen et al., 2011; Whipple and Tucker, 1999; Whittaker, 2012).
For example, studies have shown that glacio-isostatic rebound during the Holocene
has driven the formation of retreating bedrock knickpoints in Scotland (Castillo et al.,
2013; Jansen et al., 2011). Knickpoints can also form due to changes in lithology,
such as a channel cutting across a lithological contact from less to more resistant
rock (Forte et al., 2016; Haviv et al., 2010; Stock and Montgomery, 1999).

Coastal erosion, which is more prevalent in regions where relative base-levels are
rising (Shadrick et al., 2022), can also initiate the formation of migrating knickpoints
(e.g., Hackney et al., 2015; Leyland and Darby, 2009; Limber and Barnard, 2018;
Mackey et al., 2014; Snyder et al., 2002). These knickpoints, or knickzones when
the steepening is sustained over a reach rather than at one specific location along
a river profile, have received comparatively little study, however. Waves that cut into
the channel bed at the river mouth can lead to the initiation of a hanging waterfall
that discharges directly into the ocean (Emery and Kuhn, 1982; Mackey et al., 2014;
Snyder et al., 2002; Wolinsky and Murray, 2009). Coastal erosion leads to the hori-
zontal translation of a river’s base-level, in contrast to channel incision that operates
vertically. Horizontal migration of knickpoints as a result of river incision occurs due to
differences in erosion rates, with erosion being maximized immediately downstream
of the knickpoint, leading to a wave-like propagation of the knickpoint upstream. Sea-
cliff erosion has been suggested to explain the formation of channels that steepen
and incise near the coast on the Isle of Wight (Southern England) and Hawaii (USA)
(Leyland and Darby, 2009; Mackey et al., 2014).

To further explore the formation of these knickpoints, Limber and Barnard (2018)
developed a numerical model based on simple fluvial geomorphometry relationships
with a coastal erosion component, as described below. The nearshore channel slope
is a fundamental control on knickpoint formation; when the land is steep, wave erosion
can create cliffs (Limber and Barnard, 2018; Snyder et al., 2002). It has long been es-
tablished that rivers tend to evolve towards an equilibrium, characterised in locations
with uniform lithology by a channel gradient that decreases with increasing drainage
area following a power law (Flint, 1974; Gilbert, 1877):

S =kA° (4.1)
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where S is the river gradient (S = d—fc where z is the elevation and x is the distance
along the channel); k; is the steepness index, A is the drainage area; and 0 the con-
cavity index dictating the rate at which channel gradient declines downstream. Limber
and Barnard (2018) demonstrated that the likelihood of coastal erosion generating
knickpoints is inversely proportional to drainage basin area. Assuming a steady-state
landscape, uniform and sufficient coastal erosion, and all other factors being equal
(e.g., lithology), they demonstrated that wave erosion forms cliffs in small basins be-
cause they have higher slopes at their outlets. In comparison, large basins have lower
slopes at their outlets meaning that wave erosion does not form cliffs (Figure 4.1). The
implication of this is that the higher the coastal erosion rate, the greater the drainage
area at which knickpoints are expected to form at the coast due to coastal erosion.
Identifying this threshold drainage area along stretches of the coast that are expected
to experience comparable rates of coastal erosion could therefore, in theory, help
bring constraints on the rate of coastal erosion (the greater the area, the greater the
coastal erosion rate).

Limber and Barnard (2018) also demonstrated in their model that coastal knickpoints
were more likely to develop in more resistant lithologies based on the sole fact that
more resistant lithologies have steeper channel profiles (e.g., Forte et al., 2016; Gil-
bert, 1877; Hack, 1960). Model results were broadly shown to match observations of
channel outlets in basins along the Californian coastline, USA (Limber and Barnard,
2018). Drainage area was found to be a first-order control on the outlet type. They
also found some evidence linking knickpoint formation in larger drainage basins to
higher coastal erosion rates, which were about 20 cm/yr greater in these regions.

The aim of this study is to test and build upon the ideas developed primarily by Limber
and Barnard (2018) and Snyder et al. (2002). These studies suggested that the outlet
type of river systems in regions experiencing active coastal erosion is a function of
both coastal erosion rates and nearshore channel slope. If the model is valid, we
expect the percentage of incising channel outlets to decrease with drainage area for a
given lithology and coastal erosion rate. Similarly, we expect incising outlets to form in
larger drainage basins in regions with higher coastal erosion rates, if all other factors
are equal. For more resistant lithologies, we expect a greater proportion of channel
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outlets to incise compared to less resistant lithologies, because rivers incising more
resistant lithologies are expected to be relatively steeper (e.g., Forte et al., 2016;
Gilbert, 1877; Hack, 1960).

We test if the model is applicable regionally to Southern England, which is an ideal
place for testing because of different, well mapped lithologies and high-resolution to-
pographic data (BGS, 2021; Ordnance Survey, 2021). Southern England experienced
considerable variations in rates of sea-level rise, which have been largely driven by
the Glacial Isostatic Adjustment of the British Isles following the last glacial period,
and coastal erosion (Bradley et al., 2023; Hurst et al., 2016; Shadrick et al., 2022;
Shennan et al., 2009). Southern England has a well constrained wave climate, at
least over the last few decades (Scott et al., 2021; Tolman, 2009) and stretches
of coastlines with relatively uniform orientation with respect to the dominant wave
direction, along which we may therefore consider coastal erosion rates to be relatively
uniform, one of the central assumption in this work which will be discussed in light
of our results. Showing that the model is valid at the regional scale, along a series
of coastline stretches with different lithologies and/or exposure to erosional elements,
would demonstrate that river profiles can be used as tools to constrain coastal erosion
rates. The research presented in this Chapter continues the theme of fluvial base-level
change driven by GIA, which was a key geomorphic process discussed in Chapter 2.

4.2 Study area

Southern England is geomorphologically highly diverse. The south-west is character-
ised by more resistant rock types of Palaeozoic age, the exceptions being the areas of
Precambrian igneous and metamorphic rocks (Figure 4.1, BGS (2021)). Compared to
the rest of Southern England, the topgraphic relief in the south-west is greater, with el-
evations exceeding 600 m. The Hampshire basin and Wealdon district are lower-relief
regions located in the south-central and south-east of England, respectively. These
areas largely consist of more erodible sedimentary rocks of Jurassic, Cretaceous and
Tertiary age (BGS, 2021). The highest elevation in the Hampshire basin and Wealdon
district are 300 m and 200 m, respectively.
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Southern England is tectonically quiescent. The Glacial Isostatic Adjustment of the
British Isles following the last glacial period has resulted in considerable spatial and
temporal variations in the rates of relative sea-level (RSL) change throughout the
Holocene (Bradley et al., 2023; Shennan et al., 2009). RSLs are rising in Southern
England, which was largely ice-free during the Pleistocene. Rates of RSL rise gen-
erally peaked after deglaciation and subsequently declined throughout the Holocene
(Bradley et al., 2011). Present-day rates of RSL change are between approximately
0.4 and 0.7 mm/yr along the south coast of England, with the highest rates in the
south west (Bradley et al. (2023), Figure 4.2).

A large proportion of Southern England’s coastline is experiencing coastal erosion
(Masselink et al., 2020). Coastal erosion is a complex process determined by site-
specific factors. Foremost, coastal erosion is largely controlled by the type and struc-
ture of rock present at the coast (Buchanan et al., 2020; Prémaillon et al., 2018;
Rosser et al., 2013; Sunamura, 2015). For example, modern rates of coastal erosion
in Southern England are 0.01 - 0.1 m/yr and 0.1 - 1 m/yr for hard and soft rock
coastlines, respectively (Masselink et al., 2020). SLR, tides and tidal currents, wave
energy and the state and variability of air and water temperature also influence coastal
erosion (Kennedy et al., 2014). Specifically, studies have linked higher rates of RSL
rise to increased rates of coastal cliff retreat (e.g., Limber and Barnard, 2018; Shad-
rick et al., 2022). This is because SLR results in wave energy reaching further inland,
which can attack coastal cliffs and trigger increased rates of cliff retreat. Southern
England experiences large storm events and powerful wave energy from the Atlantic
Ocean (Masselink et al., 2020). Mean wave heights and wave periods are generally
greater in the south west (i.e., Devon and Cornwall) than the south east (Scott et al.,
2021; Tolman, 2009). Moreover, in Devon and Cornwall, mean wave heights and
wave periods are generally greater along west-facing coastlines compared to south-
facing coastlines (Scott et al., 2021). Overall, long-term records of coastal erosion in
Southern England are sparse.
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Figure 4.1: Cartoon diagrams illustrating the effects of sea-level rise and coastal
erosion on river outlet morphology. These figures summarise the concepts and
models presented by Limber and Barnard (2018) and Snyder et al. (2002). (A)
Channel profile (marked by black line) in steady-state that drains to sea-level (marked
by blue line). (B) Sea-levels rise and waves erode the land in the horizontal direction,
creating coastal cliffs, especially when the landscape is steep. (C) Channel incision
translates the knickpoint upstream. (D) Diagram showing the long profile of channels
as a function of basin size. Small basins have steeper slopes at their outlets, which
results in coastal erosion forming cliffs. In contrast, large basins have lower slopes
meaning that coastal erosion does not form cliffs.
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Figure 4.2: Maps of Southern England showing present-day rates of relative sea level
change (A) and geology (B). RSL reconstructions are taken directly from Bradley et al.
(2023) and geological shapefiles are sourced from BGS (2021). Area of interest for
this study is indicated by the pink dashed box. Inset map shows a map of the UK with
the study area marked. Key geographical regions are shown. These include Devon
and Cornwall, the Hampshire Basin and the Wealden District.
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4.3 Methods

The aim of this study is to test and build upon the ideas developed primarily by Limber
and Barnard (2018) and Snyder et al. (2002). These studies suggested that the outlet
type (i.e., ‘incising’ or ‘not incising’) of river systems in regions experiencing active

coastal erosion is a function of both coastal erosion rates and nearshore channel
slope. Therefore, we need to extract river channels and their properties (i.e., drainage
area, channel steepness, presence or absence of knickpoints) and classify channel
outlets as either ‘incising’ or ‘not incising’. The hypotheses we are testing are sensitive
to coastal erosion rates, so we ideally need to compare data over stretches that
are likely to experience comparable coastal erosion rates. The methods for obtaining
these metrics are described below.

4.3.1 Extracting river profiles and lithology

We use the LSDTopoTools software to extract river channels and quantitatively char-
acterise the topography from the 5 m Digital Terrain Model (DTM) sourced from the
Ordnance Survey (Mudd et al., 2023; Ordnance Survey, 2021). We calculate the
normalised channel steepness index, kg,, which is the channel slope normalised to
drainage area and typically reflects the erosive ability of a channel (Flint, 1974; Wobus
et al., 2006). We use the algorithms from Mudd et al. (2014) to calculate kg,, using a
concavity index of 0.45 (Mudd et al., 2014). We also extract the x coordinate for each
channel node, which normalises streamwise distance by the channel’s drainage area
(Perron and Royden, 2013).

0
_ [T Ao
1= / (A (x)> dx. (4.2)

where x;, is the flow distance of the outlet and Ay is a reference drainage area, used to
non-dimensionalise the term in the integral. This integral has the property that, at any
point in the channel, the gradient in y—elevation space can be related to the channel
steepness index:
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We set Ag to 1 m? so the gradient in y—elevation space is equivalent to kg,. This
gradient is thought to be linearly proportional to the local erosion rate (Perron and
Royden, 2013).

We extract the channel network using a contributing area of 0.1 km? to define the
beginning of a channel. All basins with outlet nodes (i.e., the node with the largest
drainage area within each basin) larger than 3 km? are analysed. In total, over 400
basins are analysed.

A geological map of Southern England was sourced from the British Geological Sur-
vey (BGS, 2021). The underlying surface geology (i.e., igneous, metamorphic and
sedimentary) of every channel node was extracted.

As discussed in the Introduction, the concepts and models presented by Limber
and Barnard (2018) rely on the assumption that channels exhibit the classic power
relationship between slope and drainage area before coastal erosion (Flint, 1974).
Such a relationship will appear in the form of a linear relationships between x and
elevation in x space, which we test. We also investigate if more resistant rocks have
steeper slopes by comparing the distribution of kg, values and the gradients of x plots
for each lithological group (igneous, metamorphic and sedimentary). When calculat-
ing kg, and y statistics for each lithological group, we exclude reaches downstream
of any identified outlet knickzones (see Section 4.3.3 for knickzone extraction), as
these reaches are assumed to be transient and do not reflect the pre-perturbation
‘background’ topography.

4.3.2 Coastal erosion

Rates of coastal erosion influence knickzone characteristics (Limber and Barnard,
2018). To our knowledge, no spatially continuous datasets of coastal erosion rates
are available for Southern England, however. As described in Section 4.2, lithology is
a primary control on coastal erosion, while wave energy, SLR, tides, and other factors
also affect erosion rates (Buchanan et al., 2020; Kennedy et al., 2014; Prémaillon
et al., 2018; Rosser et al., 2013; Sunamura, 2015). To test the model and understand
how coastal erosion influences channel outlet characteristics in Southern England,
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we compare channels with similar drainage areas and lithologies across regions with
differences in wave energy and SLR rates. We use wave climate data published in
Scott et al. (2021), based on the WAVEWATCH Il third-generation spectral wave
model (version 3.14; Tolman (2009)). We divide Southern England into four regions,
representing a general decrease in mean wave height and wave period: Western
Devon and Cornwall, Southern Devon and Cornwall, the Hampshire Basin, and the
Wealden District. Rates of SLR in England are also higher in the south-west than in
the south-east.

4.3.3 Classifying channel outlets: incising versus not-incising

All channels that drain to the coast across Southern England are classified as either
‘incising’ or ‘not incising’ according to their outlet morphology (Figure 4.3). Firstly, we
identify knickpoints, which represent a change in k,, using a threshold of +/- 5 (e.qg.,
Galilleton et al., 2019). Then, we identify the downstream most knickpoint for each
basin if knickpoints are present. If this knickpoint represents a decrease in kg, (i.e.,
the channel segment nearest the coast has a higher &, than the upstream reach), the
basin outlet is classified as ‘incising’. If the downstream most knickpoint represents
an increase in kg, (i.e., the channel segment nearest the coast has a lower kg, than
the upstream reach), the basin is classified as ‘not incising’. Moreover, if knickpoints
are not present along the entire channel profile, then the basin is classified as ‘not
incising’.

We further filter the incising versus non-incising dataset by removing channels with
outlet knickpoints that flow over lithological contacts. Broadly, this enables us to ex-
clude knickpoints associated with changing lithologies and isolate knickpoints poten-
tially generated by coastal erosion. Based on this criteria, a total of 8 out of over 400
channels were removed.

Following the classification of channel outlets, we test whether the percentage of
‘incising’ channels decreases with drainage area, as indicated by Limber and Barnard
(2018)’s model. We explore relationships between drainage area and outlet type
for each lithological category (i.e., igneous, metamorphic and sedimentary rocks).
According to Limber and Barnard (2018)’s model, we expect a higher percentage of
channels in more resistant lithological groups to incise in comparison to less resistant
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Figure 4.3: Channel profiles coloured according to the normalised channel steepness
index, which was extracted in LSDTopoTools using a concavity index of 0.45 (Mudd
et al.,, 2023). Knickpoints are marked on the channel profile by red triangles.
Downwards-pointing and upwards-pointing triangles (negative and positive Akg,)
represent an decrease and increase in kg, relative to the nearest downstream
segment, respectively. The channel outlet in panel (A) is classified as ‘incising’
because the channel segment nearest the coast is steeper than the upstream
segment. The channel outlet in panel (B) is classified as ‘not incising’ because the
segment nearest the coast does not incise relative to the upstream segment.

lithologies. This is because more resistant lithologies have inherently steeper channel
slopes at their outlets according to basic fluvial incision theory (see Section 4.1). We
also explore the role of coastal erosion: in regions with higher coastal erosion rates,
we expect incising outlets to form in larger drainage basis if all other factors are equal.
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4.4 Results

This section presents kg, distributions and ) plots for each lithological group within
each region (Western Devon and Cornwall, Southern Devon and Cornwall, the Hamp-
shire basin and the Wealden District). We find that in Southern England, channel pro-
files are generally composed of linear segments in y space except from a few groups
(e.g., metamorphic rocks in Western in Devon and Cornwall, see Figure 4.4). Igneous
and metamorphic rocks generally have higher median normalised channel steepness
values and steeper x profiles than sedimentary rocks (Figure 4.4), confirming our
initial hypothesis that igneous and metamorphic rocks are broadly more resistant
to fluvial erosion than sedimentary rocks, and that rocks that are more resistant to
erosion form steeper slopes (Gilbert, 1877; Hack, 1960). In regions where multiple
rock groups exist (i.e. Devon and Cornwall), all rock groups are statistically different
from each other, with p-values less than 0.05. We also observe differences between
regions. Igneous rocks have a higher median kg, value and steeper x profiles in
Southern Devon and Cornwall (median kg, = 19) than Western Devon and Cornwall
(median kg, = 12). Sedimentary rocks in Devon and Cornwall have higher median kg,
values (median kg,=11) and steeper x profiles than the Hampshire Basin (median kg,
= 6) and Wealden District (median kg, = 4). These findings support regional rock and
topographic descriptions by the BGS (2021).

Here, we present observations of channel outlet types (i.e., incising versus non-
incising) expressed as a function of drainage area for lithological categories in South-
ern England. This tests our hypothesis that within a given region with comparable
exposure to the elements that control coastal erosion, smaller catchments within a
lithological group should exhibit incising outlets, with a threshold drainage area over
which catchments will display non-incising outlets (Figure 4.1). Results conforming to
our hypothesis would manifest in all small catchments displaying incising outlets, all
large catchments displaying non-incising outlets, and a mix at the transition around
the threshold drainage area. We observe this in none of the regions (Figure 4.5).
We find a range of channel outlet types across a range of drainage areas. We note,
however, that within each region, a handful of small sedimentary basins (< 20 km?)
incise. Larger catchments display mixed results, with the percentage of incising outlets
varying between 0 and 100%.
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Igneous and metamorphic rocks are present in Devon and Cornwall, which enables
the generic exploration of the role of lithology on outlet type. According to Limber and
Barnard (2018)’s model, we expect a higher percentage of channels in more resistant
lithological groups to incise in comparison to less resistant lithologies, all else equal.
The maximum drainage within the igneous and metamorphic category is less than 25
km?, limiting the scope of the analysis. In Western Devon and Cornwall, between 90
and 100% of igneous and metamorphic channels incise, which is significantly higher
than the sedimentary channels (Figure 4.5). This may be the only data that conforms
to our initial hypothesis, whereby nearly all small catchments have an incising outlet;
the threshold area at which the transition to non-incising outlet occurs may be greater
than 25 km? in this area for these lithologies. The picture is different in Southern
and Eastern Devon and Cornwall, with a mix of incising and non-incising outlets
for catchments with sizes up to 15 km?, and the smallest catchments (less than
5 km?) having non-incising outlets. Nevertheless, we note that the percentage of
incising outlets is generally higher for igneous and metamorphic channels compared
to sedimentary channels for catchments smaller than 15 km? in this region.



Figure 4.4: kg, distributions and yx profiles of rivers in Southern England. Panels in row A show channel outlets (marked by red dots)
within each of the four study regions (Western Devon and Cornwall, Southern and Eastern Devon and Cornwall, the Hampshire Basin
and the Wealden District). Plots in row B show kg, distributions for each lithological group (sedimentary = orange, igneous = red,
metamorphic = blue) within each region. Plots in row C show yx profiles coloured according to lithology. Plots in row D shows the
average elevation for each y value for each lithological group. When calculating kg, and y statistics for each lithological group, we
exclude reaches downstream of any identified outlet knickzones (see Section 4.3.3 for knickzone extraction), as these reaches are
assumed to be transient and not reflect the pre-perturbation ‘background’ topography.
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Figure 4.5: Panels in row A show channel outlets (marked by red dots) within each study region in Southern England. The relationship
between outlet drainage area and percentage of outlet type (i.e, incising or not incising) is shown in rows B and C. Row B represents
sedimentary outlet lithologies and row C represents igneous and metamorphic lithologies. ‘Incising’ outlets are shown in blue and ‘not
incising’ outlets are shown in red. There is a general decrease in mean wave height and wave period across the four regions from left
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to right. The total number of samples within each drainage area bin is shown at the top of the corresponding bin.
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4.5 Discussion

4.5.1 Can the presence/absence of coastal knickpoints be ex-
plained by the model?

By analysing over 400 river profiles along 700 km of coastline in Southern England,
we demonstrate that some channels steepen as they flow towards the coast. We
explore if coastal erosion can explain the presence of these knickzones, and test
a simple model which primarily depends on coastal erosion rates and nearshore
channel slope. We find some evidence that our observations of channels align with
the model, but also evidence that they do not. In the following section, we discuss
observations that match the model and those that do not.

Firstly, according to Limber and Barnard (2018)’s model, we expect a higher percent-
age of channels in more resistant lithological groups to incise in comparison to less
resistant lithologies for a given drainage area. This is based on the assumption that
harder lithologies have steeper gradients, which facilitates sea-cliff formation through
wave erosion. Broadly, we find that our observations generally match this aspect of
the model in all regions where there are contrasts in rock resistance to erosion. That
is, in Devon and Cornwall, channels underlain by more resistant rocks have steeper
gradients and a higher percentage of these channels incise for a given drainage area,
in comparison to less resistant rocks (i.e., sedimentary rocks, see Figure 4.5).

Secondly, according to the idealized model, for a given lithology and coastal erosion
rate, we expect small catchments to display incising outlets, large catchments to
display non-incising outlets, and a mix of both types of outlets around the threshold
drainage area at which the transition from one behaviour to the other occurs. A wide
range of drainage areas (between 3 and >60 km?) is observed in the sedimentary
category within each region, making this category ideal for testing the drainage area
hypothesis. We find a mix of incising and non-incising outlets across all drainage
areas suggesting that the model is not valid.
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Rates of coastal erosion influence the formation of knickpoints. For a given lithology,
we expect incising outlets at larger drainage areas where coastal erosion rates are
higher (Limber and Barnard, 2018). By using wave energy and rates of sea-level rise
as regional proxies for coastal erosion, we do not observe a clear influence of coastal
erosion on knickpoint presence, although we note that the area with the lowest wave
energy and inferred coastal erosion rates (Wealdon District) exhibits the lowest overall
percentage of incising outlets, which is consistent with the model (Figure 4.5).

4.5.2 Canthe model assumptions explain the discrepancies between
expected outcomes and observations?

The model assumes that channels exhibit concave-up longitudinal profiles with a
power relationship between slope and drainage area (Flint (1974)), modulated by a
coefficient that accounts for difference in bedrock erodibility, before they are modified
by coastal erosion. By analysing channels upstream of knickzones, we find that not
all profiles in Southern England perfectly obey this relationship, as shown by the irreg-
ularities in the y profiles. Moreover, as with many studies that span large geospatial
scales (Harel et al., 2016), a limitation of our methodology is the simplified grouping of
lithologies (igneous, metamorphic and sedimentary), as well as the assumption that
long stretches of the coast are experiencing comparable coastal erosion rates.

Figure 4.4 shows that channel steepness varies within the defined lithological groups.
Variations in bedrock erodibility within a lithological group, along with general irregu-
larities in channel profiles, may explain some of the noise in our results. Accounting
for detailed lithological subgroups would be challenging due to the large lithological
diversity of the study area, which encompasses 100 subgroups (and not all subgroups
span a range of drainage areas and coastal erosion rates). A potential approach
to address this limitation would be a systematic survey of each of these lithologies,
including measurements of rock strength using a Schmidt hammer and of joint density
(e.g., fractures, bedding), in order to group lithologies in categories of relative rock
resistance to erosion rather than type of rock.
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The lithology hypotheses tested here assumes that harder lithologies form incised
outlets because they have steeper nearshore channel slopes for a given drainage
area. However, the model does not account for the fact that harder lithologies may
also be more resistant to coastal erosion (Buchanan et al., 2020; Masselink et al.,
2020; Prémaillon et al., 2018; Rosser et al., 2013; Sunamura, 2015), which could
counterbalance the effect of greater channel steepness when estimating the suscept-
ibility of a channel to the formation of knickzones by coastal erosion. Our observations
do however, show that harder lithologies such as igneous and metamorphic rocks,
characterized by steeper channels than sedimentary rocks, are more likely to form
incised outlets. This could be due to the fact that the properties that make a rock type
more resistant to fluvial incision may not be the same as those that make a rock more
resistant to coastal erosion (e.g., the existence of fractures with a spacing in excess
of 1 m may have a limited impact on fluvial erosion in a small stream (Whipple et al.,
2000) but could enhance the susceptibility to coastal erosion by wave action).

We highlight the limitations of our simplified approach for estimating coastal erosion,
which is based on regional exposure to wave energy and rates of sea-level rise. Stud-
ies have highlighted the challenges associated with estimating regional-scale rates of
coastal erosion because of the multitude of controls (e.g., rock structure, tides and
tidal currents, air and water temperature, sediment accretion Dickson et al. (2023);
Masselink et al. (2020)). Crucially, these studies emphasise that coastal erosion is
a ‘local process’. Future research therefore requires better constraints on coastal
erosion rates, which could be achieved through remote sensing at the yearly to decadal
scale (Gomez-Pazo et al., 2022), and through CRN dating and numerical modelling
of rocky coastal platforms at the millennial scale (Hurst et al., 2016; Shadrick et al.,
2022). Comparing channel outlet morphologies in areas with well constrained coastal
erosion rates would offer a better opportunity to test and calibrate the proposed model,
with implications for constraining coastal erosion rates using the shape of river profiles
in lithologically complex areas (Mackey et al., 2014).

Finally, the model assumes that waves cut into steep channels, forming coastal cliffs
with waterfalls (Limber and Barnard, 2018). However, coastal cliffs and migrating
knickpoints may have existed at channel mouths since the beginning of the Holocene
(e.g., due to past base-level fall, Jansen et al. (2011)). Rising sea-levels throughout
the Holocene may have also reactivated relic cliffs associated with earlier sea-levels.



Chapter 4 116

For example, incising coastal gullies on the Isle of Wight, Southern England, are
thought to have formed due to rising sea-levels reoccupying former cliffs in the mid
to late Holocene (Leyland and Darby, 2009). Overall, we highlight the legacy and
complexity of Quaternary sea-level change on coastal-fluvial interactions.

4.6 Conclusions

We demonstrate that some channels steepen as they flow towards the coast in South-
ern England. We explore whether coastal erosion can explain the presence of these
knickzones, and test a simple model that primarily depends on coastal erosion rates
and nearshore channel slope. We find some evidence that our observations of chan-
nels align with the model, but also evidence to the contrary. Specifically, we find
that a higher percentage of channels underlain by more resistant rocks incise for
a given drainage area compared to channels underlain by less resistant rocks, thus
supporting the model. However, we observe a mix of incising and non-incising outlets
across all drainage areas within each region, suggesting that the model is not valid.
Additionally, we do not observe a clear influence of coastal erosion on the threshold
drainage area between incising and not incising channels.

We suggest that the discrepancies between the expected model outcomes and our
observations arise from the fact that channels did not always exhibit the classic power
relationship between slope and drainage area before coastal erosion, as demon-
strated by irregularities in the x profiles upstream of knickzones. We also highlight the
simplified grouping of lithologies in our analysis, the assumption that long stretches
of the coast experienced comparable coastal erosion rates, and the legacy of past
Quaternary sea-level stands on sea-cliff formation. Overall, this study highlights that
migrating knickpoints exist at channel outlets where base-levels are rising.
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General discussion and conclusions

The previous three chapters of this thesis have contributed to the understanding of
Holocene fluvial processes of the British. In particular, this thesis has answered the
following questions:

1. What controls post-glacial denudation rates and CRN concentrations in the
Scottish mountain ranges?

2. What controls the grain size of modern river sediments in Scotland?
How do rivers respond to coastal erosion and sea-level rise in Southern Eng-
land?

In the rest of this chapter | will summarise the key findings from each of the previous
three chapters, and place them in context of the wider body of research of geomor-
phology. | will also discuss the uncertainties, limitations and areas for further research.

5.1 What controls post-glacial denudation rates in the
Scottish mountain ranges?

5.1.1 Post-glacial fluvial bedrock incision

In Chapter 2 | infer basin-wide denudation rates from the concentration of in situ '4C
in stream sediments. | interpret the Garbhlach’s denudation rate of 0.175 mm/yr to
be the only sample that is representative of true catchment-wide denudation. Unlike
the remainder of our sampled basins, the Garbhlach is largely devoid of transient
sediment stores and the hillslopes in the Garbhlach basin appear to be connected to
the channel, as shown by the "V" shaped valley. The Garbhlach’s denudation rate is
near the upper bound of previously reported Late Holocene bedrock incision rates in

118



Chapter 5 119

rivers in Scotland. Jansen et al. (2011) and Kim (2004) inferred present-day vertical
incision rates of 0.07 - 0.24 mm/yr by measuring '°Be concentrations of bedrock
surfaces along knickpoint reaches that are assumed to be caused by base-level fall.
The Garbhlach is also the steepest catchment in the Feshie basin which supports
the idea that 0.175 mm/yr is likely to be an upper bound and that the real background
denudation rate in the Feshie may be lower. Nonetheless, the Garbhlach’s denudation
rate is an order of magnitude lower than the glacial isostatic uplift rates predicted
for the Feshie basin of >1 mm/yr (Shennan et al., 2009). | also find that erosion
rates calculated from sediment fluxes, which represent the sum of the ‘background’
and terrace erosion rates and vary between 0.2 - 0.6 mm/yr, are lower than the
isostatic uplift rate. These results support studies which have proposed that base-
level signals propagating inland from the coast, which are indicated by the presence
of knickpoints, have stagnated near Scotland’s coastlines (Bishop et al., 2005; Castillo
et al., 2013). Our findings therefore align with studies which have suggested that
without the renewal of relief through sustained tectonic activity or base-level change,
post-glaciated landscapes in tectonically quiescent terrains may remain in a state of
transient dynamics that last for millions of years (e.g. Ballantyne, 2002; Egholm et al.,
2013; Whitbread et al., 2015). In the absence of sustained tectonic uplift, valleys are
likely to maintain their glacially inherited "U" shaped topography, meaning hillslopes
will remain largely decoupled from channels.

A limitation of the above interpretation is that, although it aligns with other studies
(e.g., Jansen et al., 2011; Whitbread et al., 2015), it is based on one basin-wide
denudation rate. A future research direction therefore includes inferring true basin-
wide erosion rates from 'C in Scotland (e.g., across a range of slope gradients). |
emphasise the importance of sampling in basins that are largely devoid of transient
sediment stores.

A future research topic involves investigating the role of sediment flux on post-glacial
bedrock incision rates. By dating strath terraces downstream of knickpoints, which
were presumed to be triggered by base-level fall, Jansen et al. (2011) found an overall
decline in Holocene bedrock incision rates. They attributed this trend to a general
reduction in sediment supply. Future research involves constraining Holocene incision
rates from strath terraces across a range of sediment supply regimes. For example,
rates derived downstream of lochs could be considered a supply-limited end-member
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scenario based on the assumption that lochs trap sediment. Likewise, rates derived
from rivers that appear connected throughout the Holocene to a coarse sediment
supply (e.g., paraglacial and glacial deposits) could be considered a sediment-rich
end-member.

Future research involves the large-scale mapping of knickpoints presumed to be
caused by base-level fall in Scotland. To date, studies on base-level fall knickpoints
have focused on the local scale, such as the Isle of Jura (Castillo et al., 2013; Jansen
et al., 2011). Large-scale mapping of base-level fall signals would enable the invest-
igation of isostatic, lithologic, climatic and sedimentological controls on landscape
transience in post-glacial landscapes. A key uncertainty will be the assumption that
knickpoints upstream of river mouths are caused by base-level fall rather than direct
glacial modification to channel profiles.

Future research involves investigating drainage reorganisation in post-glacial land-
scapes. Research from the 20th century suggested that large-scale drainage capture
occurred throughout Scotland during past glaciations (Linton, 1949). However, relat-
ively little is known about the extent of drainage reorganisation and the post-glacial
channel response. Do captured basins exhibit anomalous fluvial geomorphometry
scalings (e.g., the Upper River Tilt, which was once part of the River Dee) compared
to basins that have not been captured (e.g., the Lower Tilt)? How are current drainage
divides responding?

5.1.2 Tracking the paraglacial sediment load

In Chapter 2, | find that catchments with paraglacial terraces into which the rivers are
actively eroding (inferred from field observations, flood modelling and geomorphic
mapping) record apparently higher CRN denudation rates in comparison to catch-
ments with little alluvial fill. | propose that the higher apparent denudation rates in
these catchments results from the mixing of ‘background’ sediment with low-CRN-
concentration material derived from terrace erosion. Terraces are expected to deliver
lower concentration material because terrace material has experienced CRN decay
with depth and terraces were buried until the last phase of major Holocene incision
(post-4000 years). These results suggest that 14C-derived denudation rates in catch-
ments with paraglacial terraces are not representative of true catchment-averaged
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denudation rates because the '“C concentrations can be influenced by short-lived
sediment routing and storage processes due to the isotope’s short half-life (5700
years).

| present a sediment mixing model which combines the ‘background’ sediment from
catchment-wide denudation with sediment derived from the incision of paraglacial ter-
races. Our mixing model indicates that the observed distribution of '“C concentrations
can be explained if terrace escarpments have basin-averaged migration distances of
8 to 30 cm during large flood events. This interpretation is consistent with remotely
sensed images of channel activity and terrace bank retreat within the catchment. Our
results show that paraglacial sediment stores contribute to sediment fluxes in the late
Holocene and highlight the on-going glacial legacy on landscape evolution.

A future research direction involves understanding the contribution of paraglacial and
glacial deposits to sediment fluxes in other post-glacial regions, both in Scotland and
globally. For example, glaciofluvial deposits appear to be contributing large quantities
of material to modern rivers in British Columbia, Canada (Reid et al., 2022). It is likely
that CRN concentrations in these settings may not reflect true basin-wide denudation
rates. In the following paragraphs, | summarise the limitations of the CRN sediment
mixing model used in Chapter 2 and suggest methods for improvement.

In this study, | use an average terrace concentration in the sediment mixing model
because both terrace production rates and heights are largely similar throughout the
Feshie basin. | therefore do not directly account for variations in terrace concentra-
tions. Future studies spanning significant variations in terrace CRN production rates
and terrace heights must directly take into account of varying terrace concentrations
in the sediment mixing model. For example, a more complex model could assign each
terrace ‘node’ a CRN concentration based on the terrace height and production rate.
Moreover, the sediment mixing model presented in Chapter 2 focuses purely on mix-
ing ‘background’ sediments with paraglacial terrace sediments, and does not account
for the contribution of other types of paraglacial and glacial deposits (e.g., drumlins,
till, alluvial fans). The CRN concentrations and connectivity of these landforms must
therefore be considered in future studies.
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Finally, the timescales of sediment delivery from sediment stores must be considered.
In this study, | assume that terraces input sediment to the modern river channel
during large flood events. The time since the last flood event is thus considered in our
mixing model. Future study therefore should involve repeat CRN sampling of stream
sediments following flood events to confirm sediment supply and transport timescales.
Such an investigation would also benefit from repeat high-resolution remotely sensed
imagery. Moreover, future study involves exploring the response of post-glacial land-
scapes to extreme flow events driven by anthropogenic climate change (e.g., are there
locations where rivers could reconnect with glacial/paraglacial sediment stores during
high flow events?).

5.2 What controls the grain size of modern river sedi-
ments in Scotland?

In Chapter 3, | document river surface grain sizes across Scotland using photographs
of gravel bars. Grain sizes are extracted from the photographs through a combination
of manual and automated techniques. | investigate whether grain sizes can be correl-
ated with and predicted from a series of environmental variables (such as upstream
basin slope) that have been suggested to control grain sizes in previous studies. In
contrast to other studies that have primarily focused on non-glaciated landscapes, |
find no apparent controls on grain sizes. | find weak Spearman’s rank correlations
between grain size and environmental variables. | also find that grain sizes cannot be
predicted from a random forest model, in contrast to Snelder et al. (2011) who found
that grain sizes could be reasonably well predicted for rivers across France. | find no
correlation between flow competence and grain size.

| propose that Scotland’s post-glacial legacy drives the lack of sedimentological trends
documented in this study. This interpretation aligns with Chapter 2 and other studies
that have highlighted the ongoing role of the post-glacial legacy on landscape evolu-
tion in tectonically quiescent terrains, both in Scotland and globally (e.g., Ballantyne,
2002; Johnson et al., 2022; Whitbread et al., 2015). Key geomorphic processes in
post-glacial landscapes that contribute to a decoupling between channel, catchment
morphology and fluvial sediment grain size include the disconnection between hill-
slopes and channels in "U"-shaped valleys, presence of steep reaches at various
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locations along river long-profiles (and not just in the headwaters), presence of high-
elevation low-relief plateaus and hanging valleys, and paraglacial and glacial sedi-
ment stores (e.g., till, fluvio-glacial terraces and fans) acting as sediment sources at
many locations along rivers. Thus, steep reaches (high competence) may transport
only fine sediment due to the absence of coarse sediment available for transport
upstream (grain size is ‘supply-limited’). Meanwhile, low gradient (low competence)
reaches may source sediment from coarse-grained glacial and paraglacial deposits,
leading to anomalously coarse fluvial deposits that are mobilized only during the most
extreme events. As a result, surface fluvial sediment grain size cannot be predicted
by a global model based on environmental variables in post-glacial landscapes. Res-
ults from both Chapter 2 and Chapter 3 suggest that studies aiming to assess the
controls and importance of sediment on hazards (e.g., flood risk), habitats, and river
morphology in post-glacial landscapes need to rely on the careful characterisation of
upstream sediment sources, grain size distributions and geomorphic processes.

5.3 How dorivers respond to coastal erosion and sea-
level rise in Southern England?

In Chapter 4, | investigate how rivers in Southern England responded to coastal
erosion and sea-level rise over the Holocene. Emerging research has shown that
coastal erosion can initiate the formation of migrating knickpoints. Waves that cut
into the channel bed at the river mouth can lead to the initiation of a hanging wa-
terfall that discharges directly into the ocean (Emery and Kuhn, 1982; Mackey et al.,
2014; Snyder et al., 2002; Wolinsky and Murray, 2009). Channel incision erodes a
landscape vertically and can translate the waterfall upstream as a migrating knick-
point. The nearshore channel slope is a fundamental control on knickpoint formation,
and can be expressed by well-established fluvial geomorphometry laws (Flint, 1974;
Limber and Barnard, 2018; Snyder et al., 2002).

| test a model developed by Limber and Barnard (2018) based on well-established
fluvial geomorphometry relationships with a coastal erosion component. If the model
is valid, | expect the percentage of incising channel outlets to decrease with drainage
area for a given lithology and coastal erosion rate. Similarly, | expect incising outlets
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to form in larger drainage basins in regions with higher coastal erosion rates, if all
other factors are equal. For more resistant lithologies, | expect a greater proportion of
channel outlets to incise compared to less resistant lithologies, because rivers incising
more resistant lithologies are expected to be relatively steeper. By examining over
400 river profiles through topographic analysis, | find some evidence that channels
in Southern England align with the model, suggesting that coastal erosion drives
migrating knickpoints, but also evidence to the contrary. | find that channels underlain
by more resistant rocks have steeper gradients and a higher percentages of these
channels incise for a given drainage area (< 25km?), compared to channels underlain
by less resistant rocks. This finding supports the model. However, | observe a mix
of incising and non-incising outlets across all drainage areas within each region,
suggesting that the model is not valid. Additionally, | do not observe a clear influ-
ence of coastal erosion on the threshold drainage area between incising and not
incising channels. To explain the apparent discrepancies between the model and our
observations, | suggest that channels may not have exhibited the classic power-law
relationship between slope and drainage area before coastal erosion. | also question
the assumption that long stretches of the coast experienced comparable rates of
erosion, the simplified grouping of lithologies, and the impact of past Quaternary sea-
level stands on sea-cliff formation.

For the first time since deglaciation, rates of eustatic sea-level rise are expected to
outpace rates of isostatic rebound in regions such as Scotland (Hansom et al., 2017;
Masselink et al., 2020). It has been suggested that this shift may be starting to oc-
cur along Scotland’s coastlines (Rennie and Hansom, 2011), although some studies
have challenged this finding (Dawson et al., 2013). Sea-level rise has been linked to
increased rates of coastal erosion (Shadrick et al., 2022), meaning that channels in
Scotland could therefore develop migrating knickpoints from coastal erosion. A future
research direction thus involves predicting the response of channels to base-level
flipping in these settings.

Future research involves testing the model in geographically simpler areas with known
long-term coastal erosion rates. In regions where the model works, it should be
theoretically possible to constrain rates of coastal erosion from river profiles by re-
constructing river profiles before subsidence.
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5.3.1 Wider Implications

The key research gap that largely motivated this thesis was the lack of quantifica-
tion of geomorphic processes in post-glacial landscapes. Following the recent de-
velopment of quantitative geomorphic tools (e.g., CRN erosion rates, DEMs), this
thesis has quantitatively characterised sediment sources, sediment transport and
landscape evolution in landscapes affected by Quaternary glaciations. A key finding
of this thesis is that post-glacial rivers in low-relief, post-orogenic settings source
sediment from paraglacial and glacial sediment stores more than 10 ka after degla-
ciation (see Chapters 2 and 3). Studies aiming to understand the role of sediments
on hazards (e.g. flood risk) in post-glacial landscapes should therefore consider the
contribution of paraglacial and glacial deposits to rivers. | emphasise that this finding
is particularly relevant to other post-glacial landscapes such as North America and
Scandanavia which were glaciated during the Quaternary.

This thesis also explored the impacts of base-level change, specifically the role of
GIA and coastal erosion, on fluvial systems. A wider implication from Chapters 2 and
4 is the impact of potential ‘base-level flipping’ on fluvial systems. For the first time
since deglaciation, rates of eustatic sea-level rise are expected to outpace rates of
isostatic rebound in regions such as Scotland (Hansom et al., 2017; Masselink et al.,
2020). Sea-level rise has been linked to increased rates of coastal erosion (Shadrick
et al., 2022), meaning that channels in Scotland could therefore develop migrating
knickpoints from coastal erosion.

Novel methods have been used in this thesis to understand geomorphic processes,
specifically in-situ cosmogenic '“C and citizen science. Cosmogenic '“C has been
used to infer catchment-wide erosion rates and track sediment routing pathways. A
key reason behind the use of '“C, as opposed to the more commonly used '°Be,
was to avoid problems associated with inheritance in post-glacial landscapes (see
Chapter 2 for further discussion). Applying cosmogenic 4C to infer catchment-averaged
erosion rates remains limited, however, because of challenges associated with con-
straining '*C production rates and analytical methods, such as sample extraction
(see Hippe (2017) for a review). Following recent advancements in the extraction
techniques and scaling of '“C production rates (e.g. Lifton et al., 2014,2; Lupker
et al., 2015), studies have used '“C alongside '°Be to identify complex erosional
histories (Hippe et al., 2021; Kober et al., 2019; Slosson et al., 2022). This thesis thus
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contributes to the growing body of research using cosmogenic '“C to understand
denudation. A wider implication of Chapter 2 is that studies should carefully select
the most appropriate isotope when investigating sediment routing pathways in post-
glacial landscapes.

Another novel method used in this study involves citizen science to gather sediment
data (Chapter 3). SBSS enabled us to collect data at a national scale, which would
have otherwise been impossible with current remote sensing methods or manual
surveys. Key challenges associated with the application of citizen science include
the clustering of samples, meaning that samples are not necessarily evenly dis-
tributed. Challenges also exist in processing the data. For example, | had to care-
fully assess whether photographs could be processed through the automatic pebble
counting tool, PebbleCounts, or if they needed to be manually measured, which was
time-consuming. To evaluate whether the output from PebbleCounts was suitable for
the project, | visually assessed how well PebbleCounts fitted ellipses to the pebbles
and examined the number of pebbles that had been counted (i.e., meaning that the
PebbleCounts output is representative of a distribution ‘by area’).
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5.4 Thesis Conclusions

This thesis aimed to explore geomorphic processes in tectonically quiescent land-

scapes influenced by past glaciations. Much geomorphological research has focused

on unglaciated landscapes and glaciated landscapes in tectonically active regions.

This thesis explored the controls on sediment sources and transport in Scotland.

It also investigated how fluvial systems in Britain responded to base-level change,

largely driven by glacial isostatic adjustment during the Holocene. The main conclu-

sions of this thesis are as follows:

1.

Glacial isostatic adjustment does not control denudation in Scotland’s central
mountain ranges

Denudation rates in Scotland’s central mountain ranges are an order of mag-
nitude lower than the glacial isostatic uplift rates. This result supports studies
which have proposed that base-level signals propagating inland from the coast
have stagnated near Scotland’s coastlines.

The glacial legacy influences sediment supply and transport conditions in post-
glacial landscapes more than 10 ka after deglaciation

| suggest that CRN-derived denudation rates inferred from river sands in catch-
ments with abundant paraglacial sediment stores, into which the rivers are act-
ively eroding, are not representative of true catchment-wide denudation rates.
| suggest that these apparent denudation rates represent a mixture of sand
sourced from both ‘background’ hillslopes and paraglacial terraces.

| also show that, unlike landscapes with little past or present glacial influence,
grain sizes cannot be predicted in post-glacial landscapes. Key geomorphic
processes in post-glacial landscapes that contribute to a decoupling between
channel, catchment morphology and fluvial sediment grain size include the
disconnection between hillslopes and channels in "U"-shaped valleys, presence
of steep reaches at various locations along river long-profiles (and not just in
the headwaters), presence of high-elevation low-relief plateaus and hanging
valleys, and paraglacial and glacial sediment stores (e.qg., till, fluvio-glacial ter-
races and fans) acting as sediment sources at many locations along rivers.
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Thus, steep reaches (high competence) may transport only fine sediment due
to the absence of coarse sediment available for transport upstream (grain size
is ‘supply-limited’). Meanwhile, low gradient (low competence) reaches may
source sediment from coarse-grained glacial and paraglacial deposits, leading
to anomalously coarse fluvial deposits that are mobilized only during the most
extreme events.

3. Rivers steepen as the flow towards the coast in Southern England which, in
some cases, can be explained by coastal erosion and Holocene sea-level change

Migrating knickpoints are commonly associated with base-level fall. However,
| show that rivers steepen as the flow towards the coast in settings where
relative base-levels are rising. | suggest that coastal erosion and sea-level rise
can, in some cases, explain the presence of these knickpoints. These findings
highlight the role of coastal processes in driving channel incision and landscape
evolution.






Appendix A

This Appendix refers to Chapter 2 and includes figures and tables presenting inform-
ation on mathematical symbols, topographic analysis, hydrology of Feshie River and
flood modelling calibration, hillslope morphology and sedimentology, terrace charac-
teristics and mixing model results for the study sites not presented in the main text.

Symbol Description

C; Concentration of nuclide j (atoms g)

P; Nuclide production rate (atoms g™* yr')

Aj Nuclide decay coefficient (1/yr)

P;sin  Total surface production rate (atoms g™ yr')

F; Scaling that relates the relative production of neutron spallation and muon production (dimensionless)
Sij Scaling that combines the effects of production scaling and shielding of cosmic rays (dimensionless)
Aj Attenuation length for reaction type j (g cm™)

d Shielding depth (g cm?)

¢ Elevation of the surface (cm)

n Depth in the subsurface of the sample (cm)
z Elevation in a fixed reference frame (cm)

P Material density (g cm™)

€ Denudation rate (g cm? yr)

Stor Surface production scaling

Ay Virtual attenuation length (g cm)

Table A.S1: Description of symbols that are used to calculate denudation rates (see
Section 2.3.1 of Chapter 2).
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Figure A.S1: Distribution of the normalised channel steepness index (ky,) in the
Feshie catchment using the algorithms from Mudd et al. (2014). A concavity index
value of 0.45 was used.
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Figure A.S2: Flood return periods of the maximum annual discharges recorded at the
Feshiebridge gauging station between 1992-2021. Return periods were calculated
according to the Gumbel’s Distribution Method.

Terrace age (yr) Terrace elevation (m)

220 420 620
1000 7000 atoms g~', 13 % 8000 atoms g~' 9000 atoms g~ ', 15 %
10000 23000 atoms g~', 13 % 27000 atoms g~—' 31000 atoms g~ ', 15 %

Table A.S2: Sensitivity of (depth-averaged) terrace concentrations to variations in the
terrace elevation. An average terrace height of 2.2 m was used. Analysis was carried
out using terrace ages of 1000 and 4000 years, and terrace elevations 200 m below
and above the mean following the terrace elevation distribution presented in the main
text. Percentage following the concentrations for terrace elevations of 220 and 620 m
represents the difference with the concentration calculated for the corresponding 420
m terrace. A percentage uncertainty of 10 % is plotted on Figure 2.10 in Chapter 2.
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Figure A.S3: Hydrograph of the measured and modelled 2009 flood event at
the Feshiebridge gauging station. Blue line represents the mean daily discharge
(downloaded from UKCEH). Dashed lines represent hourly discharges simulated in
HAIL-CAESAR using a Manning’s n value of 0.04 and topmodel m value of 0.001.
Black line represents discharges simulated using the original rainfall (sourced from
UKCEH) whereas dark pink line represents simulation associated with an overall 30
% increase in the rainfall. Histogram presents rainfall data.
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Figure A.S4: Available rainfall data at the Feshiebridge gauging station between
01/01/2009 and 20/08/2021. Rainfall and discharge data was downloaded from UK-
CEH (https://nrfa.ceh.ac.uk/data/station/peakflow/8013). Grey dashed
line marks date of CRN sample collection.

Figure A.S5: Histogram of the terrace heights above 0.1 m in the Feshie basin
derived using the 10 m buffer zone approach (see Section 2.3.3 in Chapter 2 for
details).
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Figure A.S6: Results of the mixing model for samples not presented in the main text.
The measured '“C concentration at these sites (‘actual outlet concentration’) is shown
by the black horizontal dashed line. Blank-correct analytical uncertainties are shown
by the grey shaded error bars on the ‘actual outlet concentration’. The influence of
various terrace migration distances per flood event (0.08, 0.1, 0.2, 0.3, 1, 5 m) on
the predicted '“C concentration at these sites is shown by the coloured lines. Grey
vertical lines represent concentrations for terrace with ages of 1000 (8000 atoms/q)
and 4000 years (27000 atoms/g), with shaded 10 % error bars. These error bars
represent uncertainty from terrace elevation-derived '“C production rates.
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Figure A.S7: Results of the mixing model using different ‘background’ erosion rates
and background concentrations. The mixing model results presented in the main text
and Figure S6 use the Garbhlach’s denudation rate of 0.175 mm/yr. The plots above
show terrace migration rates associated with lower ‘background’ denudation rates
(0.05, 0.1 mm/yr) for samples MILC and ALEAN. The measured '“C concentration at
these sites (‘actual outlet concentration’) is shown by the black horizontal dashed line.
Blank-correct analytical uncertainties are shown by the grey shaded error bars on the
‘actual outlet concentration’. The influence of various terrace migration distances per
flood event (0.08, 0.1, 0.2, 0.3, 1, 5 m) on the predicted '*C concentration at these
sites is shown by the coloured lines. Grey vertical lines represent concentrations
for terrace with ages of 1000 (8000 atoms/g) and 4000 years (27000 atoms/q),
with shaded 10 % error bars. These error bars represent uncertainty from terrace
elevation-derived '“C production rates.
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Figure A.S8: (A) Debris flow observed in Garbhlach catchment at GR 57.029744,
-3.856973. (B) Photograph shows sand in debris flow with 5.8 cm camera lens cap
for scale.



Appendix B

This Appendix refers to Chapter 3 and includes figures and tables presenting inform-

ation on d50 grain sizes, manually measured grain sizes, bedrock erodibility, and the

PebbleCounts algorithm.

Sample number Sample name Latitude Longitude
1 Mei 56.53787  -3.38905
2 Dalguise 56.59245  -3.62323
3 Garryfalls 56.76528  -3.95298
4 Tummel_lower 56.65848 -3.67399
5 Garry_Bridge 56.7221 -3.7792

6 DallCottage_Trib 56.79954  -4.03774
7 Drum 56.82606  -4.21938
8 SoldiersLeep 56.74118  -3.77322
9 Trib_Soldiers Leep 56.741178 -3.77314

Table B.S1: Details of samples used to compare PebbleCountsAuto to the manually
measured control dataset. Sample numbers correspond to the sample numbers in

Figure 3.2 in the main text.
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Change in height Camera resolution Pebble size Pebble size % difference

(cm) (mm/pixel) (mm) relative to original resolution
0 0.54 108.47

5 0.56 111.97 3

10 0.58 115.47 6

15 0.60 119.28 10

Table B.S2: Sensitivity of PebbleCounts-derived grain size measurements to vari-
ations in camera height. The camera resolution and final pebble size (mm) were
calculated using a standard consumer-grade mobile phone camera (e.g., sensor
height = 4.55 mm, sensor width = 6.17 mm, focal length = 4.3 mm, image height
= 3024 pixels, image width = 4032 pixels) and a pebble pixel size of 200 pixels. The
percentage differences represent the differences in the pebble size relative to that
calculated from a resolution of 0.54 mm/pixel (ie., 108.47 mm for a 200 pixel pebble),
which is the average camera resolution used in this study.
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Figure B.S1: Map of Scotland (focused on the mainland) showing 279 locations
coloured according to d50 (mm). Circles represent samples processed with Pebble-
CountsAuto, triangles show manually clicked sites, and stars represent samples
measured using Wolman Point Counts. Water bodies (<10 hectares) are shown in
dark blue and drainage basin outlines (15 arc-second resolution) in black (sourced
from the HydroLAKES and HydroBASINS databases, (Lehner and Girill, 2013;
Messager et al., 2016))
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Figure B.S2: Map of Scotland (focused on the mainland) showing bedrock erodibility
which was calculated using the method outlined by Clubb et al. (2023).

Figure B.S3: Results from the Random Forest Regressor analysis for the d50. Figure
shows the model’s predictive ability which is poor. The dashed red line represents the
1:1 relationship.
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Figure B.S4: (a) d50 as a function of @), for all surveyed locations. (b) d84 as a
function of )/, for only the sites that have been manually measured (i.e., photos
that have been manually clicked and sites that were surveyed using Wolman Point

Counts). Both plots display null correlations.
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