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ABSTRACT

This thesis examines high-latitude fluvial dynamics in the context of changing
hydroclimatic ~ conditions, focusing on climate-driven alterations to
geomorphological processes in meandering rivers. The study targets rivers in the
boreal-subarctic zone, a transitional region between temperate and Arctic climates,
where rivers are particularly sensitive to climate-related changes. Climate change is
expected to significantly affect fluvial dynamics, altering hydrological regimes and
landscape stability. Understanding these interactions is crucial for predicting future
sediment fluxes, landscape evolution, and ecological impacts. The research
combines hydroclimatic and morphological time-series from boreal-subarctic rivers,
field data, remote sensing, and morphodynamic modelling to assess the effects of
hydroclimatic shifts. The study focuses on two Finnish rivers with contrasting
conditions: the boreal Oulankajoki and the subarctic Pulmankijoki. The thesis
includes three case studies: i) time-series analysis of hydroclimatic and
morphological data to assess climate-driven changes in meander migration and
sediment transports seasonality, ii) morphodynamic modelling of one hydrological
year to evaluate temporal shift in sediment connectivity, and iii) modelling of
morphological responses to variability in flood events. Key findings indicate that
spring floods, once the primary drivers of sediment transport, are losing prominence
due to earlier snowmelt, milder winters, and increased rainfall in other seasons. This
shift has resulted in more event-driven sediment connectivity, with heightened
variability in transport processes and morphological responses. Multi-peaking
floods, prolonged thaw periods, and intensified rainfall are emerging as critical
drivers of sediment dynamics. The study underscores the importance of sediment
connectivity and the need for high-resolution monitoring and modelling in a
changing environment. The findings demonstrate that while large-scale patterns of
change are consistent, their impacts can vary significantly between catchments,
providing crucial insights for predicting sediment loads, evaluating landscape
resilience, and informing sustainable river management.

KEYWORDS: Sediment connectivity, Sediment transport, Hydroclimatic regime,
Morphodynamic modelling, Boreal-subarctic, Close-range remote sensing, Climate
change, Regime shift
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TIVISTELMA

Tama viitoskirja tutkii muuttuvien hydrologisten ja ilmastollisten olosuhteiden
vaikutusta sedimentologisiin prosesseihin boreaalissubarktisissa virtavesissd. Lam-
penevi ilmasto muuttaa hydrologisia prosesseja, kuten sadantaa ja kevittulvia, mika
vaikuttaa virtavesien kuljettaman sedimentin maardan ja ajankohtaan, veden laatuun
sekd maisemaan. Koska boreaalissubarktinen alue on erityisen herkki niille muu-
toksille juuri tdlla hetkelld, tutkimuksessa tarkastellaan sedimentin kulkeutumiseen
vaikuttavia tekijoitd kahdessa eri jokiympéristossd, Oulankajoessa ja Pulmanki-
joessa. Kolme osatutkimusta yhdistavét pitkid aikasarjoja, kenttamittauksia, kauko-
kartoitusta ja morfodynaamista mallinnusta. Ensimmaéisessé osatutkimuksessa ana-
lysoidaan 50 vuoden hydrologisia ja geomorfologisia aikasarjoja jokimutkien liik-
keen ja sedimenttikuljetuksen muutosten ymmaértdmiseksi. Toisessa tutkitaan
sedimenttivuon kytkeytyvyyttd yhden hydrologisen vuoden aikana, ja kolmannessa
mallinnetaan tulvahuippujen muodon ja piikikkyyden vaikutuksia uoman morfo-
logiaan. Tulokset osoittavat kevittulvien merkityksen vdahenevéan lumen, heikenty-
neiden talviolosuhteiden sekd lisddntyneen keséd- ja syys-sadannan vuoksi. Nama
muutokset pidentdvit sedimentinkuljetuskausia ja lisddvit yksittdisid, lyhyitd
kytkeytyvyysepisodeja. Tdma johtaa sedimenttikuljetuksen tasaisempaan jakautu-
miseen hydrologisen vuoden sisélld ja morfologisten muutosten heterogeenisyyden
kasvuun. Lyhyelld aikavélilld paikalliset tekijét, kuten yksittéiset jokimuodostumat
ja sedimentin laatu vaikuttavat morfologisiin muutoksiin, mutta pitkélld aikavalilla
hydrologiset ja ilmastolliset tekijét ovat hallitsevia. Tutkimus korostaa sedimentti-
kytkeytyvyyden ja -kuljetusprosessien ymmaértdmisen, jatkuvan seurannan tarkeytta
sekd valuma-aluekohtaisen tarkastelun merkitystd tulevaisuuden jokiymparistojen
hallinnassa.

ASIASANAT: Sedimenttivuon kytkeytyvyys, Sedimentin kulkeutuminen, hydro-
logiset ja ilmastolliset olosuhteet, morfodynaaminen mallinnus, boreaalissub-
arktinen alue, ldhikaukokartoitusmenetelmait, ilmastonmuutos, Siirtymévaihe
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1 Introduction

Rivers are significant geomorphological agents and the primary conveyors of
sediment (Fryirs and Brierley, 2013; Wohl et al., 2017). They are continuously
reshaping the landscape through processes of fluvial dynamics, which refer to the
interaction and movement of water and sediment in rivers. The interactions between
flow conditions and sediment characteristics drive processes such as sediment
entrainment, transport, and deposition from source to sink. However, these processes
are not straightforward but involve a combination of several factors, including flow
velocity, sediment particle size, and the geomorphic characteristics of the channel
(Frothingham and Rhoads, 2003). Variations in these factors create spatial and
temporal changes in how sediment moves through the system, leading to diverse
landscape features. This complex flow-sediment interaction highlights both; short-
term changes, such as sediment connectivity, the degree to which sediment can move
freely through different sections of the river, and long-term adjustments, such as the
gradual migration of meanders.

The seasonality and magnitude of fluvial dynamics within the river channel are
largely controlled by the specific characteristics of hydroclimatic regimes (Cockburn
& Lamoureux, 2008; Kamari et al., 2015; Costa et al., 2018). In high-latitude regions
(> 60°N), which include boreal, subarctic, and Arctic climate zones, snowmelt-
driven spring floods have traditionally been the dominant contributors to water flow
and sediment fluxes, serving as key drivers of morphological adjustment (Syvitski,
2002; Gordeev, 2006; Kasvi et al., 2015). However, this region is warming at a rate
two to four times faster than the global average, leading to altered hydroclimatic
conditions with direct impacts on flow-sediment interaction (Ahmed et al., 2020;
Syvitski et al., 2021; Beel et al., 2021; Rantanen et al., 2022; Zhang et al., 2022).
These changes in hydroclimatic conditions affect not only short-term sediment
fluxes but also contribute to long-term geomorphic and landscape evolution.

High-latitude rivers are projected to become hotspots of sediment fluxes by the
end of the century due to melting permafrost and shifting hydrological regimes
(Syvitski, 2002; Gordeev, 2006; Ahmed et al., 2020). These changes are expected to
have significant implications for ecosystem functioning, water quality, carbon
cycling, and landscape evolution (Syvitski, 2002; Gordeev, 2006; Macdonald et al.,
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Introduction

2015). Consequently, the boreal-subarctic climate region, i.e., the transition zone
between temperate and Arctic climate regions, deserves particular attention. This
transitional zone is characterised by significant seasonal temperature variation, low
precipitation, and landscapes dominated by boreal forests or tundra. Unlike Arctic
regions, where permafrost and glaciers control sediment availability, the boreal-
subarctic region allows researchers to assess the immediate impacts of hydroclimatic
shifts on fluvial dynamics, morphological processes, and sediment fluxes since most
sediment is already available in the landscape. As the high-latitude region continues
to undergo profound hydroclimatic transformation, understanding the interactions
between hydroclimatic conditions, flow-sediment interaction, and morphological
processes in their past, present, and future forms is crucial for predicting river
behaviour, managing sediment budgets, and maintaining ecosystem stability (Favaro
and Lamoureux, 2015; Feng et al., 2022). By studying these ongoing and already
occurred changes in the boreal-subarctic region, we are able to prepare for changes
that will occur later in the Arctic. The ecological and landscape-scale implications
of these changes are significant. Altered sediment fluxes can affect water quality,
aquatic habitats, and nutrient cycling, with cascading effects on both terrestrial and
aquatic ecosystems (Stall, 1972; Douglas et al., 2018; Hauer et al., 2018). For
example, increased sediment flux during non-traditional seasons may smother
spawning grounds for fish or destabilise riparian vegetation and banks, leading to
habitat loss and reduced biodiversity (Langendoen et al., 2009; Kemp et al., 2011;
Fryirs, 2013; Liu et al., 2017). On a broader scale, shifts in sediment budgets and
connectivity from source to sink may influence the long-term stability and resilience
of entire landscapes, particularly in regions that are extremely vulnerable to climate-
driven changes (Fryirs, 2013; Beel et al., 2021).

Despite the growing recognition of climate-driven changes in fluvial dynamics,
sediment fluxes, and morphological processes, substantial knowledge gaps remain,
especially regarding the temporally varying functional aspects of sediment fluxes
and morphological adjustment, i.e., functional sediment connectivity (Cossart et al.,
2018; Hooke & Souza, 2021; Najafi et al., 2021). As functional sediment
connectivity is highly responsive to hydroclimatic conditions, it will be an essential
factor in predicting how river systems adapt to hydroclimatic shifts. While the flow-
sediment interaction and structural connectivity have been widely studied, functional
connectivity, particularly in high-latitude areas, has received limited attention in the
literature (Najafi et al., 2021). Early studies of flow-sediment interaction emphasised
structural processes, the development of geomorphological features, and erosion-
deposition processes (Hjulstrom, 1935; Leopold & Wolman, 1957; Blanckaert,
2011; Heckmann et al.,, 2018). These studies often relied on sporadic field
measurements with low spatiotemporal resolution, typically limited to individual
point or cross-sectional measurements (Andrews, 1979). However, recent advances
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in high-resolution field measurement technologies, close-range remote sensing, and
various mapping tools have enabled detailed spatiotemporal analyses of flow-
sediment interaction, sediment fluxes, and morphological change detection across
various scales, thus enhancing sediment connectivity analysis (Flener et al., 2013;
Kasvi et al., 2015; Leyland et al., 2017; Vericat et al., 2017; Najafi et al., 2021). As
a result, sediment flux estimations no longer depend solely on traditional field
sampling.

Despite these advancements, less than 10% of the world’s rivers sediment load
is currently monitored, resulting in significant gaps in our understanding of sediment
dynamics and seasonality under changing hydroclimatic conditions (Syvitski et al.,
2021). This is a key challenge in sediment connectivity research, as limited real-time
monitoring of sediment fluxes fails to capture temporal variation and functional
dynamics. As a result, less than 15% of studies worldwide have addressed functional
connectivity (Najafi et al., 2021). One solution to missing monitoring data has been
the use of computational fluid dynamics (CFD), which can be used for
morphodynamic modelling of rivers and estimating sediment transport rates,
erosion, deposition, and morphological adjustment (Kasvi et al., 2015; Williams et
al., 2016a; Milan et al., 2018). It has been widely applied in various studies, from
detailed flow-sediment interaction modelling of meander bends to large-scale
sediment flux analysis and change detection (e.g., Lotsari et al., 2010; Nicholas et
al., 2013; Kasvi et al., 2015; Williams et al., 2016a). However, high spatiotemporal
resolution computational modelling is time-consuming and resource-intensive. As a
result, most models focus on specific events, typically covering periods of a few days
to a few weeks (Coulthard et al., 2007; Williams et al., 2016a). Additionally, these
models require a substantial amount of data for construction and calibration. The
lack of continuous, high-resolution field data complicates model calibration and
validation, leading to potential inconsistencies between modelled and actual
sediment dynamics and thus increasing uncertainty.

In this thesis, fluvial dynamics and morphological processes under changing
hydroclimatic conditions are examined (Fig. 1) using: i) Hydrological,
meteorological and geomorphological time series data based on in situ close-range
remote sensing measurements, national gauging stations, field sampling, and
historical aerial images. ii) Computational morphodynamic modelling with high
spatiotemporal resolution field data. iii) The Index of Connectivity and a sediment
budgeting approach. With this multi-method approach, detailed information about
the impacts of hydroclimatic shifts on fluvial and sediment dynamics in boreal-
subarctic rivers can be obtained.

In context of this thesis, the term “high-latitude” refers specifically to the boreal-
subarctic climate zone, characterised by long, cold winters with snow and ice cover,
short, cool, and dry summers, and significant seasonal temperature variations. The

12
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study was conducted in Finland, between 66° and 70°N, focusing on two meandering
rivers; one situated within a tundra ecosystem and the other in a boreal ecosystem.
According to Veijalainen et al. (2010), both rivers are expected to undergo
contrasting hydrological changes due to climate change by the end of the century. In
the subarctic Pulmankijoki River, the annual hydrological cycle and discharge
magnitudes are not anticipated to change significantly, whereas in the boreal
Oulankajoki River, the magnitude of spring flood discharge is projected to decrease
significantly. These contrasting conditions and the ongoing hydroclimatic shift offer
a unique opportunity to study changes in the seasonality of flow-sediment
interactions, sediment transport dynamics, and functional sediment connectivity.
The findings of this thesis provide valuable insights into fluvial and sediment
dynamics under changing hydroclimatic conditions, offering a basis for predicting
the impact of climate change on future sediment fluxes and landscape stability in
high-latitude regions, and for planning sustainable river management practices.

The aims of the thesis are:

i.  To assess temporal variation of functional sediment connectivity and
morphological response, and their interplay with hydromorphological
characteristics (II - III).

ii. To analyse the impact of changing hydroclimatic conditions on
seasonality and magnitude of flow-sediment interaction in high-latitude
rivers (papers I & III).

iii.  To evaluate the key drivers for short- and long-term variability of
morphological adjustment under varying hydroclimatic conditions in
high-latitudes (I - III).

13
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Paper III: Flood sequencing
S and morphological response

Paper II: Seasonality of
sediment connectivity

T

Pluvial

Paper I: Hydroclimatic
shift and migration rates

Q
Hydroclimatic Shift N

e

Seasonality

Figure 1. Research design of the thesis. The thesis covers climate change impact on flow-
sediment interaction, sediment connectivity, and to their controls in high-latitude
meandering rivers. The seasonality, morphological response and hydroclimatic
condition form crosscutting themes of the three papers (I-lll).

Paper I examines the impact of hydroclimatic shifts on the geomorphic evolution of
a boreal meandering river in northern Finland over five decades. It identifies
significant warming trends, reduced spring flood magnitudes, and an increase in
high-discharge events occurring outside the traditional spring flood period. The
study links these changes to meander migration rates, demonstrating how climate-
induced shifts in hydrology influence river erosion and landscape evolution. The
findings highlight the critical role of thaw seasons in regulating future sediment
fluxes and underscore the importance of high-resolution, long-term monitoring of
sediment transport. The research also suggests that the timing of peak sediment
transport is shifting, rather than showing significant changes in overall sediment
volumes.
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Paper II combines comprehensive field observations with morphodynamic
modelling of one hydrological year to examine the spatiotemporal variation of
functional sediment connectivity and links the functional process with the Index of
Connectivity. By assessing functional connectivity across different discharge
magnitudes and meander bends, it identifies thresholds and physical characteristics
that influence functional sediment transport processes on a bend-to-bend scale. The
research highlights the episodic nature of sediment connectivity and its dependence
on river morphology, providing valuable insights into the interplay between
geomorphological characteristics and sediment transport processes. The findings
contribute to quantifying functional sediment connectivity and its temporal variation
through a novel multi-method approach.

Paper III investigates how climate-induced variability in flood events affects the
morphological responses of a subarctic meandering river. It uses a 32-year dataset
of climate parameters and discharge hydrographs to classify flood events based on
their volume and sequence. The flood event types are correlated with seasonal and
annual climatic conditions. The study employs morphodynamic modelling to
understand the effects of flood characteristics on sediment transport dynamics and
channel morphology. Key findings include the observation of increasing multi-
peaking floods and their impact on river system stability by increasing the
heterogeneity of sediment transport processes and sediment hysteresis, leading to
greater complexity in morphological response patterns.

15



2 Background

2.1 Fluvial Dynamics and Sediment Transport

Fluvial dynamics refer to the physical processes and forces through which rivers
shape and interact with the landscape (Fryirs and Brierley, 2013; Robert, 2014). They
involve a complex interplay of hydrological processes, sediment transport, and
channel morphodynamics, all influenced by climate and hydroclimatic regimes. The
key dynamic processes driving channel evolution and landform development include
discharge, flow regime, and flow velocity, which in turn regulate sediment
entrainment, transport, and deposition within the channel (Dey, 2014; Wohl, 2014).
River channels themselves exhibit a variety of morphologies, ranging from
meandering and braided systems to anastomosing networks (Fryirs and Brierley,
2013; Wohl, 2014). In addition to channel morphology, rivers can be classified based
on the predominant sediment particle size found in their riverbeds, such as sand- or
gravel-bed rivers. These morphological characteristics are influenced by factors such
as underlying geology, flow dynamics, and sediment supply. Furthermore, fluvial
dynamics contribute to the formation of distinct landforms, including point bars,
terraces, oxbow lakes, and alluvial fans, which evolve over time due to sediment
transport and other fluvial processes.

In this thesis, the term "sediment" refers specifically to sand and gravel particles
of minerogenic origin. Sediment transport in fluvial systems is shaped by the
interplay of sediment characteristics and flow conditions and can be divided into
three interconnected stages: entrainment, mobilisation, and transport (e.g., Hickin
and Nanson, 1974; Fryirs and Brierley, 2013). Together, these processes lead to
erosion and deposition. Entrainment is the initial detachment of sediment particles
from the riverbed and banks due to fluid forces when the shear stress exerted by
flowing water (F.) exceeds the critical threshold (F;) (Equation 1) needed to
overcome gravitational (F,), frictional (Fy), and cohesive forces (F.) between the
particle and the riverbed.

F=F,+ F,+ F. Equation 1

Thus, particle entrainment can be described as follows (equation 2) (modified
after Ji (2017) and Salmela (2022)):
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F.>F,+F+ F, Equation 2

Sediment mobilisation occurs due to friction between flowing water and
sediment particles, with two primary forces acting on the particles: drag force, which
acts in the direction of flow, and lift force, caused by differences in flow velocity
above and below a particle, creating a pressure gradient (Fryirs, 2013). Thus,
particles are mobilised and transported, i.e., eroded, when the force of flowing water
(Fx) exceeds the particle’s resistance force, i.e., the critical threshold:

F>F, Equation 3

Sediment transport occurs as dissolved load, suspended load, or bedload, which
together constitute the total transported sediment load (TTS) (Folk, 1954; Knighton,
1998). Dissolved sediments, generally smaller than 0.45 micrometres, remain in
solution. Suspended sediments, usually assumed to be < 0.062 mm, are carried
within the water column, whereas bedload, usually assumed to be > 0.062 mm,
consists of particles that move by rolling, sliding, or saltating along the riverbed.
Because bedload particles are generally too heavy to be lifted into suspension, they
play a crucial role in shaping bed morphology through particle exchange. This makes
coarse sediments morphologically-important. However, evidence of gravel and
larger particles being transported as suspended load in large flood events have been
reported (Hooke, 2019). Particles of specific size can go in and out of suspension
during a discharge event. In addition to flow conditions, the mode and distance of
sediment transport are influenced by sediment particle characteristics, such as size,
shape, composition, and minerogenic consistency. When flow velocity decreases and
gravitational force (Fx) exceeds the forces created by flowing water, sediment
particles settle on the riverbed, leading to depositional forms (sinks). This interaction
between particle size and flow velocity is well documented in the Hjulstrom diagram
(Hjulstrom, 1935), which defines the critical flow velocities required for sediment
entrainment, transport, and deposition.

Sediment particle size is usually expressed using the Wentworth scale
(Wentworth, 1922), which classifies particles ranging from boulders to cobbles,
gravel, sand, silt, and clay. The primary material of a bulk sediment sample is
described by a characteristic grain diameter (D), such as the median Dso value, which
represents the particle diameter at which 50% of the sample material is finer and
50% is coarser (Fryirs and Brierley, 2013). Sediment particles can also be classified
based on their chemical properties into non-cohesive and cohesive particles (Vanoni,
2006). Non-cohesive particles, such as sand and gravel, do not form physio-chemical
bonds and therefore behave as independent grain units. The transport rate of non-
cohesive particles is influenced by their size and shape under varying flow conditions
(Roberts et al., 2004; Ferreira et al., 2015). These particles are generally transported
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as bedload, although they may occasionally be carried in suspension under specific
flow conditions.

Conversely, cohesive particles are fine-grained, typically smaller than 63
micrometres, and form physio-chemical bonds that bind them together (Son, 2009;
Hodge et al., 2013). These bonds can be strong enough to form sediment flocs,
clusters of sediment that significantly influence particle behaviour by increasing
resistance to erosion. As a result, cohesive sediment particles require higher shear
stress for erosion compared to non-cohesive particles. Thus, erosion potential and
volume are not solely related to particle weight or size. Once mobilised, cohesive
sediments are generally transported as suspended load. They tend to settle in low-
velocity flows, but when flocculated, they may settle even at higher flow velocities.
Thus, fluvial dynamics, sediment transport, and sediment characteristics directly
influence and control channel geometry, geomorphological units, and morphological
change. Fine cohesive particles like silt and clay create narrow, stable channels
(Schumm, 1960). In contrast, coarser, non-cohesive sandy sediments form wider,
more dynamic channels that frequently meander and develop point bars, riffle-pool
sequences, and terraces. The cohesiveness of fine particles enhances bank stability
and erosion resistance, while non-cohesive sediments are more easily eroded and
transported, leading to faster channel migration (Langendoen et al., 2009; Fryirs,
2013). Geomorphological units, such as bars and floodplains, reflect sediment
characteristics: non-cohesive materials form shifting bars, while cohesive sediments
settle in slower flows, creating more stable floodplains (Carey, 1969; Ogden et al.,
2007). These dynamics drive feedback loops between sediment deposition and flow
dynamics, continuously reshaping river morphology, influencing erosion and
deposition patterns, and channel migration rates.

2.2 Flow-sediment Interaction in Meandering
Rivers: Bank Erosion and Migration

Bank erosion and channel migration are fundamental processes driving the
geomorphological evolution of rivers. These changes are caused by the continuous
flow-sediment interaction, which shapes channel morphology over time. In
meandering rivers, specific flow characteristics play a crucial role in these
transformations. These rivers are composed of sinuous bends of varying amplitudes
and wavelengths, connected by relatively straight inflection reaches (Leopold and
Wolman, 1960; Hooke, 1984). Sandy point bars form on the convex side, while
deeper pools and high banks develop on the concave side (Leopold & Wolman,
1960). The curved channel creates a three-dimensional flow field, resulting in a
distinct type of flow-sediment interaction: helicoidal flows redistribute sediment,
constantly eroding the outer bank while depositing it on the inner point bar (Dietrich
& Smith, 1984). The combination of flow, hydraulic forces, and the sedimentological
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properties of the bank is often referred to as the “bank pull process,” which causes
the bank to progressively shift outward. These processes, driven by the high-velocity
core (HVC) and secondary flows, enhance bank erosion and meander migration,
along with the outward surface flow, and can lead to neck cut-offs, oxbow lakes, and
high terraces (Bridge & Jarvis, 1976; Hooke, 1980; Rodriguez and Garcia, 2000).

The flow structure in a meander bend depends on discharge volume and flow
velocity, and sediment transport mirrors the flow structure: coarse material is
transported along the outer bank in high flow velocity, whereas finer material is
transported along the inner bank (Hooke, 2003a; Kasvi et al., 2013). When discharge
increases during a flood, the influence of point bar morphology on flow decreases,
and the flow may cut across the point bar surface. This causes the HVC to shift
further downstream and the secondary flow to weaken (Dietrich and Smith, 1983;
Thompson, 1986). As a result of the HVC shift, the hotspot of bank erosion moves
downstream. The increased flow velocity reduces the spatial variability of bedload
transport, which in turn affects sediment sorting and the morphology of the point bar
(Bridge and Jarvis, 1976; Dietrich and Smith, 1984; Ferguson et al., 2003; Pyrce and
Ashmore, 2005). Helicoidal flow leads to sediment accumulation on the convex side
of the channel, causing the point bars to expand towards the outer bank, a process
known as “bar push”. As bends mature and the point bars grow outward, pushing
against the outer bank, the high curvature causes the HVC to shift from downstream
to upstream, thereby shifting the hotspot of bank erosion upstream as well. This
process results in increased bend asymmetry (Hickin and Nanson, 1974; Hooke,
1995; Pyrce and Ashmore, 2005).

The stability of riverbanks plays a critical role in erosion and migration
processes, with cohesive banks resisting erosional forces more effectively than non-
cohesive banks. In general, bank erosion involves two main processes: the
detachment of sediment particles and the entrainment of the detached particles.
Sediment particles are typically detached through pre-wetting, desiccation, and
freeze-thaw activities (Fryirs and Brierley, 2013). Bank material becomes more
erodible when wet, allowing sediment to be entrained, for example, during high
discharges when the banks are submerged. Desiccation causes dry material from the
upper bank to slide down to the toe of the bank, making it more easily erodible by
flow. Freeze-thaw cycles can cause thermal erosion, reducing the cohesion of
sediment particles. Systemic and local factors, such as hydroclimatic regimes, basin
geology, sediment supply, vegetation, and the feedback from neighbouring bends,
further influence fluvio-morphological processes in meandering rivers (Hooke,
2007; Gautier et al., 2010). The hydroclimatic regime governs the magnitude and
seasonality of flow events, bank erosion, and sediment transport processes.
Therefore, hydroclimatic shifts can lead to changes in sediment supply, transport
rates, erosion, and deposition processes, with further consequences for flow patterns
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and channel morphology. Geological factors, such as narrow valley confinement,
may cause meanders to migrate downstream as the bedrock limits typical lateral
migration. The roots of trees and other vegetation increase cohesion and bank
stability while creating hydraulic resistance, which reduces near-bank flow
velocities. Feedback mechanisms between adjacent bends also influence sediment
transport, connectivity, and channel evolution by either amplifying or dampening
geomorphological responses (Gautier et al., 2010).

Recent studies have shown that migration rates of large, sinuous rivers in the
Arctic permafrost region have decreased by 20% over the past half-century due to
climate change (Ielpi et al., 2023). Similar findings have been reported in semi-arid
regions in Australia (Larkin et al., 2020), in cold semi-arid regions of the USA
(Schook et al., 2017), and in the subcontinental region of Europe (Elznicova et al.,
2022), with timescales ranging from the Holocene to the past few centuries. All these
studies highlight the role of decreased fluvial energy. Yet, in boreal-subarctic
regions, fluvial activity and high-energy extreme discharge events have increased
outside the traditional spring flood season (Korhonen & Kuusisto, 2010; Lintunen et
al., 2024). In addition, extreme rainfall events have become more common in the
region (Nikulin et al., 2011), which can lead to increased fluvial activity, bank
erosion, and sediment transport rates, as found in a study by Kéirkkdinen & Lotsari
(2022) on a boreal high-latitude meandering river.

2.3 Sediment Connectivity

Sediment connectivity describes the potential for sediment transfer and the processes
leading to sediment transport from source to sink across the catchment (Hooke
2003b, Bracken et al., 2015; Wohl, 2017). It is a comprehensive framework for
analysing the pathways of sediment particles through the river network. Essentially,
it determines whether a sediment particle detached in one part of the network
(source) can reach another point within the system (sink) without encountering
obstacles. Therefore, the catchment network can be either connected or
disconnected. The concept of sediment connectivity is often divided into two terms:
structural connectivity and functional connectivity. Structural connectivity is
typically quantified based on physical linkages and characteristics within the static
landscape (Wainwright et al., 2011; Wohl, 2017; Najafi et al., 2021). It provides a
theoretical framework for how sediment could move based on physical barriers and
features, such as topography or the gradient of the landscape. In contrast, functional
connectivity describes the actual processes and conditions of sediment transport at
different spatiotemporal scales (Borselli et al., 2008; Cavalli et al., 2013; Bracken et
al., 2015). It is a dynamic measure of sediment transfer, considering variability,
seasonality, and specific events, providing insights into when and how sediment

20



Background

transport occurs under different conditions. Some studies have further divided these
two main concepts into lateral, vertical, and longitudinal connectivity (Fryirs, 2013;
Nicoll and Brierley, 2017; Heckmann et al., 2018), depending on the perspective. In
this work, the focus was on longitudinal functional connectivity.

The term “connectivity” originates from ecology, where it has been used to
explain how spatial arrangements affect species movement across landscapes
(Garcia-Ruiz et al., 1996; Wohl, 2017). Over time, this concept was adapted to
hydrology and geomorphology when early research recognised that the transfer of
water and sediment depends on the spatial configuration of the landscape and the
presence or absence of physical barriers. Sediment connectivity as a research topic
has gained considerable attention in recent years within hydrology and
geomorphology (Bracken et al., 2015; Najafi et al., 2021). The focus has been on
integrating GIS-based modelling frameworks and high-resolution data, leading to
comprehensive analyses of sediment pathways and their implications for river
morphology. This has shifted sediment monitoring from localised erosion
measurements to large-scale sediment flux analyses, covering entire river networks
and catchment areas. Modern applications of sediment connectivity span a range of
fields, from catchment management to environmental modelling (Fryirs et al., 2007;
Rice, 2017; Heckmann et al., 2018; Keestra et al., 2019; Najafi et al., 2021). One of
the most prominent applications is sediment yield analysis through erosion and
deposition processes. This has led to the development of various sediment
connectivity indices, allowing for the mapping and prediction of potential sediment
transport areas (Borselli et al., 2008; Cavalli et al., 2013; Cossart & Fressard, 2017;
Keesstra et al., 2018; Calle et al., 2020). Additionally, digital elevation models
(DEMSs) and geographic information system (GIS) approaches have enabled precise
mapping of sediment pathways and erosion hotspots, which have benefitted
agriculture and forestry (Heckmann et al., 2018; Burguet et al., 2018; Cislaghi and
Bischetti, 2019). Another widely used application is in environmental impact
assessments, where sediment connectivity helps predict downstream impacts from
activities such as mining, construction, deforestation, and other practices affecting
water quality and sediment loads (Poeppl et al., 2017; Poeppl et al., 2020).

Despite recent advances in research methods, quantifying functional sediment
connectivity remains a challenge (Hooke and Souza, 2021). Only a few studies have
addressed the challenges of functional connectivity at the catchment scale (Croke et
al., 2013; Bracken et al., 2015; Thompson et al., 2016), and even fewer have done
so at the reach scale. The issue lies in the dynamic nature of functional connectivity
and the real-time variability of sediment transport in rivers during seasonal or
episodic events, such as flooding or intense rainfall (Turnbull et al., 2018; Heckmann
et al., 2018; Najafi et al., 2021). Therefore, most current research relies on structural
indicators of the catchment and does not capture the temporal variability of
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connectivity. The temporal aspect could be enhanced by increasing sediment
monitoring through continuous, real-time measurements across the catchment, or by
modelling with computational fluid dynamics, as demonstrated in this work. Unlike
conventional empirical analyses that compare conditions before and after events,
such as the widely used digital elevation model of difference (DoD) (Eltner et al.,
2018; Heckmann and Vericat, 2018; Calle et al., 2020), modelling offers high
temporal resolution, enabling detailed insights into sediment processes occurring
during or between events. However, comprehensive field measurements under
varying conditions are required for accurate modelling, and therefore, models
representing sediment connectivity at high spatiotemporal resolutions remain scarce.

Additionally, interest in the feedback mechanism between structural and
functional connectivity has grown, as it influences landscape evolution over time
(Wainwright et al., 2011; Najafi et al., 2021). This concept refers to the process
where sediment movement causes changes in the environment, which in turn further
affect sediment movement. The feedback can either amplify (positive feedback) or
dampen (negative feedback) the initial changes. Understanding feedback is critical
in geomorphology as it helps explain the causal relationships, causes, and
consequences between landscape units, such as river forms and sediment
connectivity. In this work, the interplay between river forms and sediment
connectivity was analysed in the short term (Giineralp et al., 2022). However, long-
term analyses covering decades of geomorphological data are needed to fully
understand the feedback mechanism and the hierarchy of functional sediment
transport, as these self-reinforcing or self-stabilising processes play a crucial role in
determining sediment dynamics, catchment stability, and landscape resilience and
recovery over time (Fryirs and Brierley, 2013).

2.4 Hydroclimatic Shift Impact on Sediment
Processes at High-latitudes

Climate change has significantly impacted hydroclimatic conditions and sediment
transport processes in high-latitude rivers by altering the hydrological cycle and
sediment availability (Syvitski, 2002; Favaro and Lamoureux, 2014; Ahmed et al.,
2020; Sippel et al., 2020 Zhang et al., 2022). Historically, hydrological processes,
such as ice- and snowmelt-driven seasonal discharge peaks, have controlled the
magnitude and timing of sediment transport in high-latitude rivers (Cockburn and
Lamoureux, 2008). However, with rapid warming occurring at rates more than
double the global average (Rantanen et al., 2022), and alterations in precipitation
patterns and temperature, high-latitude rivers are now experiencing pronounced
hydroclimatic shifts from snow-controlled (nival) regions to jointly controlled
(mixed) and, ultimately, to rain-controlled (pluvial) regions (Zhang et al., 2023).
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This trend, combined with increasing sediment availability, reduced winter
conditions, and prolonged thaw seasons, is reshaping the sediment transport regime
by altering traditional hydrology, sediment transport patterns, volumes, and
seasonality (Arnell, 1999; Gordeev, 2006; Cockburn and Lamoureux, 2008; St.
Jacques and Sauchyn, 2009; Kociuba et al., 2012; Coch et al., 2018; Zhang et al.,
2023). High-latitude rivers have typically had low sediment loads, but modelling
predicts substantial increases in sediment loads in the Arctic and subarctic climate
zones for every degree Celsius of warming, with some estimates as high as 22-30%
(Syvitski et al., 2002; Gordeev, 2006).

The regime shift is evident in cold regions across the world (Andrew et al., 2005;
Korhonen & Kuusisto, 2010; Ahmed et al. 2020, Qin et al., 2020; Tananaev &
Lotsari 2022; Zhang et al., 2022). Areas such as the Canadian and Russian high
Arctic, the subarctic, and the high-elevation Tibetan Plateau have experienced
changes in their annual sediment loads due to rising temperatures and intensified
precipitation (Favaro and Lamoureux, 2014; Gordeev, 2019; Zhang, 2022). In the
Arctic climate zone, rising temperatures contribute to glacier and permafrost melt,
increasing sediment availability, while intensified rainfall leads to higher river
discharges beyond the traditional snowmelt-driven spring flood season. This
combination can mobilise significant amounts of sediment, altering riverine and
deltaic systems and ultimately leading to sediment transport regime shifts (Zhang et
al., 2022). However, the specific impacts of hydroclimatic shifts on high-latitude
rivers remain poorly understood, particularly regarding how sediment transport
dynamics and connectivity evolve in response to these changes. The complexity
arises from the interplay between locally increasing sediment availability, shifting
precipitation patterns, and changing hydrological regimes, all of which vary spatially
and temporally.

The seasonality of sediment transport processes is likely shifting alongside
hydrological factors. However, for a sediment transport regime to shift, a change in
the magnitude of sediment transport is also required (Syvitski, 2002; Gordeev, 2006;
Zhang et al. 2023). Sediment transport regimes shift through three stages: thermally
controlled (nival), thermally and precipitation-controlled (mixed), and precipitation-
controlled (pluvial), in which processes such as extreme rainfall and flooding
become dominant drivers (Zhang et al., 2022). The increasing sediment flux in Arctic
and subarctic rivers can lead to significant alterations in river morphology,
landscapes, land-ocean interactions, biodiversity, and the biogeochemical cycling of
carbon, nutrients, and pollutants (Syvitski, 2002; Gordeev, 2006; Coch et al., 2018;
Ahmed et al., 2020). It is likely to accelerate sedimentation in water reservoirs and
estuaries, and to have impacts on hydropower systems. Additionally, it can increase
turbidity levels and affect the quality of drinking water sources, thereby impacting
water management practices. Ultimately it could lead to increased geodiversity. The
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trajectory of hydroclimatic changes suggests that the subarctic sediment regime will
continue to evolve towards greater variability and instability, with cascading effects
on ecological, infrastructural, and socio-economic systems.

As climate change intensifies the hydroclimatic shift, it becomes essential to
examine its effects within transitional climate zones, where early signals of these
changes are already visible. Thus, this thesis focuses on the high-latitude boreal-
subarctic climate zone, where changes in hydrological regimes are already
observable to some extent, providing a basis for estimating and predicting future
impacts on the Arctic climate zone. The study areas are situated within the Finnish
boreal-subarctic environment, and the remainder of this chapter focuses specifically
on this region. Unlike in Arctic regions with glaciers and widespread permafrost, the
Finnish boreal-subarctic landscape has limited permafrost and no glacial cover,
meaning that most sediment is already available for transport (Kersalo & Pirinen,
2009; Pirinen, 2012; Pulliainen, 2020). In Finland, the snow-precipitation threshold
zone that determines the controlling factor for hydrology is located approximately at
the level of the Arctic Circle (66° North). Below this threshold zone, a shift from
snow control to precipitation control in hydrology is evident, whereas above the
threshold, no significant shifts have yet occurred (Merio et al., 2019).

The general trend in Finland indicates that below the threshold zone, the
hydroclimatic shift is advancing the timing of spring floods while reducing their
magnitude (Korhonen & Kuusisto, 2010; Lotsari et al., 2010; Veijalainen et al.,
2010; Gohari et al., 2022; Lintunen et al., 2024). These changes reflect broader shifts
in seasonal precipitation patterns and temperature regimes, altering the balance
between snowfall, snowmelt, and rainfall-driven runoff. As a result, the traditional
dominance of snowmelt-driven floods is weakening, making way for more complex
seasonal flood patterns. Although snowfall has increased in some northern parts of
Finland, more frequent rain-on-snow events and mid-winter melting have reduced
overall snowpack accumulation across the country, leading to lower snowmelt-
driven spring flood peaks (Pirinen et al., 2012; Luomaranta et al., 2019). However,
regional variation in the impacts of climate change within Finland is significant
(Lindgren et al., 2017). At the same time, changes in seasonal precipitation
distribution are contributing to shifts in flood timing and intensity. Increased summer
and autumn precipitation is driving more frequent floods outside the traditional
spring flood period, while reduced winter conditions and shortened ice-covered
periods are contributing to higher winter baseflows (Moragoda et al., 2017; Qin et
al., 2020; Irannezhad et al., 2021). Increased temperatures, freeze-thaw days, and
precipitation falling as rain instead of snow in winter have significantly increased
winter flooding in southern Finland. The shortening of ice-covered periods has
introduced new dynamics into Finnish river systems (Gohari et al., 2022; Lintunen
et al., 2024). Historically, ice jams and ice break-up floods have played a significant
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role in shaping river channels, particularly in northern Finland, where ice-related
processes have contributed to episodic bank erosion and sediment redistribution
(Koutaniemi, 1984, 1995). However, with milder winters reducing ice thickness and
duration, ice break-ups are occurring more gradually, leading to weaker mechanical
erosion and potentially altering sediment transport patterns.

Despite advancements in understanding climate-driven hydroclimatic shifts in
Finland, significant knowledge gaps remain, particularly regarding sediment
transport dynamics under changing environmental conditions. While studies have
documented shifts in flood seasonality, ice-cover duration, and precipitation
patterns, their precise impact on erosion, sediment transport, and deposition patterns
remains uncertain (Lotsari et al., 2019). One of the key unknowns is how sediment
fluxes will evolve in response to increasing precipitation variability. Although
autumn and winter floods are becoming more dominant (Veijalainen et al., 2010;
Lintunen et al., 2024), their capacity to transport and redistribute sediment compared
to reduced spring flood conditions remains unclear. Thus, it is uncertain whether
these floods outside the spring flood season will transport sediment in similar
magnitudes to spring floods and how this will affect the short- and long-term
morphological responses of river systems.

2.5 Monitoring of Morphological Change and
Sediment Transport Processes in Rivers

Monitoring sediment, morphological change, and sediment transport in rivers is
essential for understanding river dynamics, landscape evolution, ecosystem stability,
and for managing water resources under climate change. Currently, sediment
monitoring is severely limited, with sediment loads measured in fewer than 10% of
the world’s rivers, and long-term data from subarctic river basins is even rarer
(Syvitski, 2002; Zhang et al., 2023). Bedload monitoring, in particular, has received
much less attention compared to suspended load, partly due to the more demanding
measurement methods. A wide range of methods can be applied to monitor
morphological change, sediment movement, and flux, either as bedload or suspended
load (Muhammad et al., 2019). These approaches include conventional field and
laboratory measurements, flow-based methods, geomorphological mapping, and
modelling. In the early 20th century, measurements were based on empirical field
observations and laboratory experiments (Lane, 1937; Friedkin, 1945; Hooke, 1984).
These measurements were conducted with low spatiotemporal resolution, usually as
point measurements or cross-sectional surveys across the river (Bridge and Jarvis,
1976; Warburton et al., 1993). Traditionally, bedload transport was monitored using
samplers such as the Helley-Smith (1971), sediment traps, or tracers (Hubbell and
Sayre, 1964; Leopold and Emmett, 1976; Lane et al., 1996). Bottle and pump
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samplers, traps, and turbidity sensors have been widely used for monitoring
suspended load (Benedict, 1947; Lecce et al., 2006; Bayram et al., 2012; Salmela et
al., 2022). However, these methods are labour-intensive, offer low spatial coverage,
and are prone to errors due to sampling placement or manual handling (Muhammad
etal., 2019).

In the early 20th century, flow-based approaches were implemented alongside
one-dimensional flow velocity measurements using mechanical current meters or
propeller-type velocity meters (Bathurst et al., 1979). Sediment transport rates were
estimated based on flow velocity and discharge calculations. Acoustic measurement
technologies emerged in the late 20th century, enabling three-dimensional data
collection from the water column. Devices such as Acoustic Doppler Velocimeters
(ADV) and Acoustic Doppler Current Profilers (ADCP) became commonly used to
measure flow fields and bathymetry, either at specific points or from a moving
platform. These devices employ sound waves to assess sediment dynamics and
particle movement in water with high resolution. Recently, multibeam sonar
(MBES) technology has been used to measure real-time bedload transport volumes
and suspended sediment concentration (SSC) in three and four dimensions (Best et
al., 2010; Simmons et al., 2010; Simmons, 2017). Both acoustic and multibeam
sensors transmit an acoustic signal. The backscatter intensity of the signal is
correlated with SSC or bedload, allowing for the calculation of the amount of
sediment travelling past the device over a given period. In the 21st century, large-
scale particle image velocimetry (LSPIV) techniques have been used to capture
bedload transport rates from high-quality video recordings (Eltner et al., 2020;
Pajunen et al., 2024). LSPIV analysis tracks sediment particles by observing pixel
movements within the video frame. Additionally, acoustic geophones and
hydrophones have been used for bedload monitoring. The impact plates of these
devices record seismic vibrations generated by moving sediment particles, allowing
sediment transport volumes to be estimated (Wyss, 2016; Rickenmann, 2017). These
methods enable automated sediment monitoring to some extent, but they require
extensive calibration and further development (Muhammad et al., 2019).

Traditionally, morphological changes were quantified using elevation
differences obtained through line measurements with geometric levelling
(Koutaniemi, 1976, 1995; Bitelli et al., 2000). However, by the mid-20th century,
remote-sensing methods had become increasingly prevalent. This shift was driven
by greater availability of aerial imagery, technological advancements, and the
growing use of photogrammetric surveys for mapping geomorphological formations
(Ray, 1960; Brice, 1974). By the turn of the millennium, remote-sensing-based
digital elevation models (DEMs) had become commonly used in topographic
surveys as airborne photogrammetry techniques were further developed. Recently,
unmanned aerial vehicles (UAVs) have been used for repeated topographic surveys
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on various scales, such as before and after a flood event (Carbonneau and Dietrich,
2017; Vericat et al., 2017; Calle et al., 2020). Optical bathymetric mapping and
Structure-from-Motion techniques based on UAV imagery have further enhanced
the mapping of geomorphological formations and fluvial processes, both below and
above the water surface (Brasington et al., 2003; Flener et al., 2013; Javernick et al.,
2015; Calle et al., 2018; Kasvi et al., 2019).

Another widely used close-range remote-sensing method for monitoring
morphological change is LIDAR (light detection and ranging), which was developed
in the early 21st century (Charlton et al., 2003; Liang et al., 2022). LiDAR systems,
such as laser scanners, operate based on either the time of flight (ToF) or the phase
shift of a laser pulse at a specific wavelength and frequency. Laser scanning can be
conducted using various static or mobile platforms, such as terrestrial laser scanning
(TLS) on the ground, airborne laser scanning (ALS), or boat-mounted mobile
mapping systems (BoMMS) (Alho et al., 2009; Hohenthal et al., 2011; Flener et al.,
2013; Vaaja, 2011). These systems typically use infrared wavelengths ranging from
700 nm to 1500 nm and measure millions of points with millimetre-level accuracy.
They differ in accuracy and efficiency: TLS provides the highest point accuracy but
is limited in regional coverage (Liang et al., 2022). Mobile and BoMMS platforms
allow for better regional coverage but require additional global navigation satellite
systems (GNSS) and inertial measurement units (IMU) for positioning. ALS offers
significantly broader coverage and improved efficiency but requires further
development in sensor resolution and technology.

Traditional laser scanning approaches do not penetrate the water surface, leaving
gaps in the point clouds of river environments. However, the latest advancements in
green-wavelength laser systems, multi-channel technology, and dual-laser systems
have opened new possibilities. These lasers have been successfully used in
underwater bathymetric LIDAR surveys (ULi), with water penetration rates up to 2.5
times the Secchi depth (Ahmed & Bakken, 2023; Kastdalen et al., 2024). In general,
LiDAR and laser scanning systems have enabled high-resolution mapping of
geomorphological formations, change detection, grain size, and bed roughness in
river environments. One challenge in conducting LiDAR measurements is
vegetation which may cover the land surface or river bed, and thus, cause uncertainty
in detecting the actual surface of the geomorphological forms.

Additionally, sediment transport can be estimated using computational hydro-
and morphodynamic models, which are based on flow velocity, bed shear stress, and
stream power (hydrodynamic), or by evaluating areas of erosion, deposition, and
total sediment transport volumes (morphodynamic) (Kasvi et al., 2014; Williams et
al., 2016a). These models allow for larger-scale evaluations at higher spatiotemporal
resolutions compared to conventional field measurements. However, accurate
calibration data from field measurements during various discharge events and
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seasons is necessary. Despite advances in automated systems, the inherent variability
in sediment transport over time and space, coupled with high costs and operational
challenges, means that there is no universally superior method for sediment
monitoring (Muhammad et al., 2019). Conventional techniques continue to play a
vital role, particularly for calibrating and validating newer technologies and models.

2.6 Computational Modelling of Sediment
Transport Processes

Computational modelling, as discussed here, refers to computational fluid dynamics
(CFD) which is based on the conservation laws of mass and momentum. Hydraulic
modelling has become one of the primary tools for studying fluid flows, nutrient
transport, and sediment transport dynamics in fluvial systems (Lane et al., 1999;
Nicholas, 2000, 2003; Ma and Ingham, 2005; Zawawi et al., 2018; Shaheed et al.,
2021). Modelling tools are used to analyse and predict flow behaviour, sediment
transport, and other hydrodynamic interactions in various hydrological and hydraulic
systems. Nowadays, a wide range of CFD-based modelling tools is available,
including both commercial and open-access options. CFD models vary in usability,
some have graphical user interfaces (GUIs) for easy setup (e.g., HEC-RAS 2D,
MIKE 21/3, FLOW-3D), while others require coding for advanced customization
(e.g., OpenFOAM, CFD Python, Ansys Fluent). Delft3D, used in this thesis, offers
both GUI and scripting options for flexibility and is one of the most used commercial
CFD software.

The calculations of fluid and sediment movements in CFD are based on the
Reynolds-averaged Navier-Stokes shallow water equations. These equations can be
solved in one, two, or three dimensions and applied to both steady and unsteady flow
scenarios. A computational grid, either structured (equally sized rectangles) or
curvilinear (irregular quadrilaterals) that adapts to river boundaries, defines the
model’s computational domain. The principles of morphodynamic modelling
involve simulating the interplay between hydrodynamics, sediment transport, and
bedform evolution. To set up a morphodynamic model, various datasets are required
(Lane et al., 1999; Schuurman et la., 2013; Kasvi et al., 2014; Williams et al., 2016a).
Essential components include channel geometry, spatiotemporally varying boundary
conditions (e.g., discharge and water level), riverbed roughness, sediment
composition, and transport magnitude. Within the model boundaries, sediment
transport is calculated as bedload, suspended load, or a combination of both using
empirical formulas (e.g., Meyer-Peter & Miiller, 1948; Engelund & Hansen, 1967,
van Rijn, 1984, 1993). Bottom morphology is dynamically updated at each time step
based on the modelled sources (erosion) and sinks (deposition), ensuring that the
hydrodynamics are always calculated on the correct bathymetry. However, model
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parametrisation is determined by the user, which can significantly affect the model
results. Therefore, care must be taken when selecting parameters and calibrating the
model.

Morphodynamic modelling can be used to simulate current, past, and
hypothetical future events with higher spatiotemporal resolution compared to field
measurements alone. Since the 1990s, one- and two-dimensional morphodynamic
models have been increasingly applied in fluvial geomorphology to study processes
such as sediment transport, bank erosion, and meander migration (Bridge, 1992;
Hodkinson & Ferguson, 1998; Darby et al., 2002; Lane & Ferguson, 2005;
Schuurman et al., 2013). By the early 21st century, three-dimensional models had
become more prevalent, offering more detailed insights into sediment and flow
dynamics (Lesser et al., 2004; Kasvi et al., 2015). Two-dimensional models require
relatively lower computational power compared to three-dimensional models while
still capturing variations in flow conditions and sediment transport. Advances in
remote-sensing and field measurement technologies have further refined these
models with high spatiotemporal data resolution, allowing for more detailed and
complex simulations (Kasvi et al., 2015; Xu et al., 2025). For example,
morphodynamic modelling has been successfully used to analyse sediment dynamics
in the context of habitat sustainability, flood risk management, and sediment supply
to estuaries and delta areas (Daneshvar et al., 2017; Salmela et al., 2022).

Recently, the concept of sediment connectivity has gained prominence in
morphodynamic modelling, but despite recent advances, modelling functional
connectivity remains a challenge. Few studies have utilised morphodynamic
modelling to analyse landscape stability and sediment budgeting (Rousseau et a.,
2017; Wang et al., 2024), and most of these models are still based on static before-
and-after event approaches (Williams, 2016; Cucchiaro et al., 2019), which lack the
detailed temporal variation necessary to analyse functional connectivity. This is
where morphodynamic models with high spatiotemporal resolution can contribute to
understanding the functional aspects of connectivity, as demonstrated in this thesis.
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3 Characteristics of the Study Areas

Finland is located in the high-latitude area (> 60°N), where ecological zones of
boreal forest and tundra dominate (Fig. 2A). Despite being at similar latitudes to
tundra-dominated regions in North America and Siberia, Finland's milder climate
and moderate precipitation, largely influenced by the Gulf Stream, along with
favourable soil conditions, allow boreal forests to extend further north. There are no
glaciers in Finland, and permafrost can be found only sparsely, mostly in the form
of palsa mires in the northernmost areas (Kersalo & Pirinen 2009; Pulliainen et al.,
2020). This study was conducted between 66° and 70° North in two different river
systems (Fig. 2B): the boreal Oulankajoki River (Paper 1) and the subarctic
Pulmankijoki River (Papers II and III). Both study areas belong to the Kdppen
climate classification of boreal-subarctic climate, described as “Cold, without a dry
season, but with a cold summer” (Dfc). Currently, the Oulankajoki River lies near
the snow-precipitation (S/P) ratio threshold zone (Meri6é et al., 2019), where
hydrology is influenced by both precipitation and snow. The Pulmankijoki River
remains within a snow-dominated (nival) hydrological regime. These rivers were
selected for study because both represent free-flowing, unregulated meandering
rivers with long monitoring history but exhibit different hydroclimatic conditions
and contrasting climate change forecasts for hydrology (Veijalainen et al., 2010).
Both rivers feature sandy, mobile beds, highly eroding banks, and relatively clear
and shallow water, which together offer an ideal environment for monitoring
sediment processes.
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Figure 2. Location of study areas. A) Location of Finland in the context of High-latitude region and
the prevalent ecological zones. B) The study of paper | was performed in a boreal
Oulankajoki River, and studies of papers Il and Il in a subarctic Pulmankijoki River. S/P
ratio threshold zone indicating the hydrological regime is based on work of Meri¢ et al.,
(2019). IDL = International Date Line.

3.1 Oulankajoki River

The Oulankajoki River, located in north-eastern Finland, flows through the Oulanka
National Park, established in 1956 (Fig. 3). Its name, meaning “a flooding river,”
aptly describes its nature, as it is shaped by hilly and steep topography, a low
percentage of lakes (4.7%), and a high proportion of peatlands (40%) within its 2,100
km? catchment. The 135-kilometre-long river discharges first into Lake Paanajarvi
and eventually into the White Sea on the Russian side of the border. The river’s
upstream section flows through a bedrock canyon, but after passing a geological
knick-point marked by the 15-metre-high Kiutakongds waterfall, the valley widens
to between 600 and 1,000 metres. This valley is filled with glaciofluvial material
deposited after the final retreat of the Fennoscandian Ice Sheet, allowing the river to
meander. The river has carved its channel 40 metres deep into these sediments. Since
the valley is still relatively narrow, it limits the river’s ability to migrate laterally,
resulting in meanders that maintain low sinuosity and migrate longitudinally
downstream relatively quickly compared to other Fennoscandian rivers
(Koutaniemi, 1984). The surrounding landscape is dominated by high river terraces,
oxbow lakes, and boreal forest.

The annual mean temperature is currently around +2° Celsius, although the
continental climate causes large seasonal temperature fluctuations, ranging from -
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48° to +32° Celsius. Summers are relatively dry since nearly half of the annual
total precipitation (~550 mm) falls as snow during the winter months, from
November to April. The river channel is ice-covered during this period. Spring
floods, triggered by ice breakup, ice jams, and snowmelt, occur annually in early
May, while additional high-discharge peaks are associated with intense
precipitation events during late summer and autumn, typically in August and
September. The annual discharge ranges from a low winter baseflow of 3 m3/s to
peaks of 462 m3/s during the snowmelt season in May (MNQ: 5.2 m3/s; MHQ: 266
m?/s). Outside the spring flood and ice-covered seasons, discharge typically varies
between 10 and 120 m?/s.

The study for Paper I focuses on two meander bends and their banks located
within a 4-kilometre stretch of the river’s lower course. Bend 1 spans 1 kilometre
along its thalweg and occupies the entire 600-metre-wide valley, which is confined
by bedrock. Bend 2 has a 600-metre thalweg and is situated in a valley section up
to 1 kilometre wide, with glaciofluvial confinement on one side and bedrock on
the other. The outer bank of Bend 1 is 450 metres long and 3—7 metres high,
compared to Bend 2’s 300-metre-long, 3—5-metre-high bank. Bend 1 features
coarser sediment (Dso: 0.18—46 mm) than Bend 2 (Dso: 0.2-33 mm) and has a
higher ratio between meander-radius to channel width (Rm/W: 4.5 vs. 3.3) and
sinuosity (1.8 vs. 1.4). Both banks contain cobbles and pebbles up to 80 mm, with
the bank material classified as slightly gravelly and gravelly sand. Bend 1 has a
lower slope (0.22 m/km) compared to Bend 2 (0.27 m/km). Both banks experience
annual ground frost to a depth of 0.3—1.0 metres from October to May, followed
by thawing just before or during the spring flood peak (Koutaniemi, 1979, 1984;
1987 and 2000).

32



Characteristics of the Study Areas

A
) % 350 C) Snowmelt peak
"y, 300 flow
2%,
\eoil' /
/' £ 250
> PN i
Russia 66.18° C = 200
o Pluvial activity

29.34°E

DEM (m)
oy 300

Figure 3. The study area of Oulankajoki River. A) DEM of Oulankajoki Valley and location of
bends 1 and 2. B) SfM based orthomosaics of the bends 1 and 2. C) Typical hydrograph
for Oulankajoki River with low winter baseflow, high snowmelt peak flow and pluvial
activity during summer and autumn. D) Sandy river bank with fallen trees.

3.2 Pulmankijoki River

The Pulmankijoki River is located in the northernmost Finland, where it flows freely
and discharges first into the Tana River, and then into the Arctic Ocean on the
Norwegian side of the nation border (Fig. 4). The 58-kilometre-long river drains a
catchment area of 484 km?, consisting mainly of moraine formations and peatlands
including permafrost-rich palsa mires (Marthinussen, 1960, 1962). The region’s
vegetation is dominated by low tundra shrubs and alpine birches. The river flows
through an ancient fjord, where tens of metres of glaciofluvial material were
deposited during the retreat of the last continental ice sheet approximately 10,000
years ago. As a result, sediment availability is guaranteed for the river. The
Pulmankijoki River has eroded its channel 30 metres deep into these sediments and
continues to evolve through neck cut-offs and the formation of oxbow lakes
(Mansikkaniemi, 1967; Mansikkaniemi and Méki, 1990).

The climate in this region is influenced by the Asian continent and the Atlantic
Ocean, and by the warming effect of the Gulf Stream (Autio & Heikkinen, 2002).
The annual mean temperature is -1°C, with significant fluctuations ranging from -
45°C to +32°C. Thermal winter typically begins in mid-October and lasts until mid-
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May, while the other seasons are short but distinct. During thermal winter, the river
remains frozen. The annual spring flood occurs in late May due to snowmelt and ice
breakup. Discharge varies from 0.5 m?*/s during the ice-covered season to 100 m?*/s
during the spring flood. During the open-water season, discharge typically ranges
between 2 and 10 m%/s. Annual precipitation totals around 450 mm, with half falling
as rain between June and September.

The study area for Papers II and III is a 6-kilometre section of the river’s upper
course, which includes 13 meander bends of varying planform types, evolutionary
stages, and sinuosities. The mean slope of this reach is 0.2 m/km. The particle size
of the riverbed, point bars, and banks ranges from 0.01 to 13 mm, and the channel
belongs to textural groups ranging from fine sand to slightly gravelly sand. The
riverbed is characterised by riffles, pools, and ripples, with sandy bedload (Dso ~0.43
mm) dominating sediment transport during both high and low discharges. The bed
material is mostly poorly sorted. The amount of suspended load is minimal for most
of the year, even during the spring flood peak (180-280 mg/l). The annual spring
flood event causes significant vertical changes on the point bar surfaces (up to + 0.5
metres) and bank erosion of 0.1-0.5 metres. The streambed is not vegetated.
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Figure 4. The study area of Pulmankijoki River. A) Aerial mosaic of the studied river reach. B)
Typical hydrograph of open water season. C) Aerial image of sandy meander in convex
side and high sandy bank on concave side.
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4 Materials and Methods

In this thesis, a range of close-range remote sensing methods (ADCP, TLS, EDM,
UAYV) were employed alongside more conventional field measurements to capture
flow characteristics (Il & III), bank erosion (I), and channel bathymetry and
topography of surrounding areas (I, II, and III). The temporal resolution of the field
data was enhanced through orthophotos and historical aerial imagery (I) provided by
the National Land Survey of Finland and the Finnish Defence Intelligence Agency.
Additionally, national weather and discharge records from the Finnish Environment
Institute (I, III) and the Finnish Meteorological Institute (I, III) were utilised.
Morphodynamic modelling was applied to analyse spatial-temporal variation of
sediment connectivity and morphological change (II, III), and a series of statistical
analyses were conducted on hydroclimatic parameters to assess trends and shifts over
the 50-year (I) and 30-year (III) periods. Details of the data and methods used in each
paper can be found in table 1.
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Table 1. Data and methods used in this thesis.

Method/data Paper | [} ]

Flow & discharge conditions

ADCP X X
National gauging stations X X
Water level
Water level sensors X X
VRS-GNSS X X
National gauging station X
Meteorological data
National weather stations X X
Channel geometry
Bathymetric Structure-from-Motion X X
Topographic Structure-from-Motion X X

Terrestrial Laser Scanning
EDM Geodimeter
Historical aerial images

X X X X X

Orthoimages/mosaic
Sediment and bedload sampling
Particle D50 X X X

Bedload transport magnitude X X
Manning’s Roughness X X
Statistical analyses
Pettitt test X
Spearman’s rank coefficient X X X
Mann-Kendall trend test X
Morphological analyses
Meander migration X
Meander characteristics X
Morphodynamic modelling X X
Morphological response X
Sediment budgeting X
Sediment Connectivity X
Sediment transport X X
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41 Flow Characteristics

411 Flow Conditions

Discharge data was obtained through in-situ measurements (Papers II & III) and
from national gauging stations (Papers I & III). The in-situ data was used in creating
the rating curves for hydrograph generation. The generated hydrographs were later
used in flood event classification (chapter 4.1.2), and as a boundary condition in the
morphodynamic model (chapter 4.6). Three-dimensional in-situ flow and discharge
measurements were conducted in the Pulmankijoki River using an ADCP (Sontek
M9). These measurements, taken at nine specific sites along the river reach, captured
flow velocity, direction, and discharge under various flow conditions (spring flood
and autumn low flow). The ADCP was mounted on a floating platform, which was
either remote-controlled (Fig. SA) or attached to the bow of a zodiac (Fig. 5B),
depending on flow conditions. Measurements were performed cross-sectionally,
moving from the left to the right bank.

Discharge time-series from national gauging stations were used in the statistical
analyses in paper I (chapter 4.5) and in flood event classification in paper III (chapter
4.1.2). The gauging stations used are located at the Oulankajoki River (Kiutakdngés
#7300100), maintained by the Finnish Environmental Institute (SYKE), and at the
Tana River (Polmak Nye #234.18.0), maintained by the Norwegian Water Resources
and Energy Directorate (NVE). These gauging stations record daily minimum,
maximum, and average discharge (m3/s), and the data is publicly available through
SYKE and NVE data services.

Photo: Ville Kankare

Figure 5. The ADCP attached to A) Remotely controlled platform and B) The floating platform with
ADCP attached to a bow of a Zodiac.
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4.1.2 Hydrograph Generation and Flood Event Classification

In situ water pressure measurements were conducted at 15-minute intervals in the
Pulmankijoki River during the open-water seasons from 2008 to 2023. These
measurements were taken using nine bottom-anchored water pressure sensors
(Solinst, Levelogger 5) (Fig. 6A). An air pressure sensor (Solinst, Barologger)
located at the research site was used to perform barometric compensation on the
Levelogger readings. Sensors were deployed at the site annually after ice breakup
and retrieved before winter. Daily water level and discharge measurements were
collected from the sensor locations during field campaigns held each spring and
autumn. These measurements were performed using a virtual reference station global
navigation satellite system (VRS-GNSS) (Fig. 6B) and an ADCP.

A third-order polynomial function was applied to calculate rating curves linking
water pressure, water level, and discharge measurements, enabling the creation of
hydrographs. The hydrograph for the year 2018-2019 was used in the
morphodynamic model presented in Paper II. In Paper III, the hydrograph time series
was extended back to 1992. Pulmankijoki River hydrographs from 2008 to 2023,
along with daily discharge data from the Polmak Nye measurement station (1992—
2023), were used to reconstruct hydrographs for the Pulmankijoki River for the years
1992-2007. The Polmak Nye station is located in the main channel of the Tana River
at the point where the Pulmankijoki River discharges into it.

The hydrographs for 1992-2007 for the Pulmankijoki River were derived from
the Polmak Nye station data using a rating curve and a third-order polynomial
function relating the Polmak Nye station discharge (Q) and the Pulmankijoki River
discharge (Q) for 2008-2023, as derived from the Leveloggers. In this way, a 32-
year discharge time series was generated. These hydrographs were classified into
distinct flood event types using Python. A flood threshold of 23.46 m?/s (the 75th
percentile, p75 discharge) was set to identify significant spring flood events in May
and June. High and low flood events were defined as being above or below the mean
flood discharge of 40 m?/s. The classification process involved analysing features
such as peak timing, prominence, height, and duration. To enhance peak detection,
the data was smoothed using the Savitzky-Golay filter (scipy.signal.savgol filter)
with a window size of 11 and a polynomial order of 3. Peaks were then identified
and classified into distinct event types using the “find_peaks” function from the same
module.

Finally, four flood event types were detected from the hydrographs: A) High
single peak (Q > 40 m?¥s), B) Low single peak (Q < 40 m?/s), C) Two peaks (Q >
p75, Q <p75, Q > p75), D) Wavy peak (two Q > p75 peaks). For morphodynamic
modelling purposes, the most representative event of each type was selected.
Precipitation-driven discharge peaks from July to September were excluded since
none of them exceeded the flood discharge of 23.46 m?/s.
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Figure 6. Measuring of water level with A) Water pressure sensors attached to bottom anchors
ready to be placed in the river. B) Measuring a VRS-GNSS point from the sensor
location.

4.2 River Geometry

Topographic and bathymetric data from the study areas were collected in-situ for
Papers I, II, and III. In this thesis, inundated areas were measured using bathymetric
SfM (Structure-from-Motion), while non-inundated areas were measured using
topographic SfM, a terrestrial laser scanner, and a geodimeter (Koutaniemi, 1979,
1984, 2000). In addition to in-situ data, a set of historical aerial images and rectified
orthoimages was used to map the river bank retreat and migration rates.

421 UAV-based SfM

Topographical and bathymetric SfM models based on orthomosaics and DEMs were
used for mapping the river bank retreat and migration rates in paper I, and for
modelling purposes in paper II and III. The orthomosaics and Digital Elevation
Models (DEMs) for the Pulmankijoki and Oulankajoki Rivers were created using
aerial images captured from 50-90 metres above ground with drones (DJI Phantom
4, DJI Matrice 210 V2 RTK) (Fig. 7A). The images were taken with an RGB camera
from a nadir perspective and at a 30° oblique angle to improve SfM accuracy. The
aerial images were georeferenced using ground control points (GCPs) measured with
VRS-GNSS (Fig. 7B), and orthomosaics and DEMs based on these georeferenced
images were generated using Pix4D software following the procedure by Micheletti
et al., (2015). In Oulankajoki River, the retreat of the meander bend was calculated
based on changes observed in aerial images and elevation models over three
consecutive years. The refraction-induced bias caused by light passing through water
was corrected using a multi-camera refraction correction method based on the work
of Dietrich (2017). For the Pulmankijoki River, a bathymetric SfM model was
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created for both autumns (before and after the modelled event) based on the
orthomosaic and camera properties. The refraction-corrected bathymetric SfM and
the topographic DEM of the first autumn was used as input geometry in the
morphodynamic model presented in Papers Il and IIIl. The DEM and bathymetric
SfM of the second autumn was used as model validation in paper II. In addition, the
orthomosaic and DEM of the first autumn of Pulmankijoki River were used to map
meander characteristics, while the orthomosaic of the Oulankajoki River was used
to map riverbank retreat and erosion volume.

Figure 7. Collecting aerial images for the orthomosaic and mapping of bathymetry/topography
with A) DJI Matrice 210 V2 RTK and DJI Phantom 4. B) Measuring GCP points with
VRS-GNSS.

4272 Meander Characteristics

In Paper II, meander characteristics from Pulmankijoki River were measured and
mapped to evaluate their interplay with functional sediment connectivity. The
characteristics were observed from an SfM-based orthomosaic and DEM,
supplemented by field sampling. Distinct meander characteristics were Sinuosity,
defined as the ratio of the river’s length along the thalweg to the valley length, the
radius of curvature at the bend apex, and the point bar area were derived from the
orthomosaic. Individual bank height was obtained from the DEM, while channel
slope and sediment particle size (Dso) were determined during field campaigns. The
meander planform type was classified following the approaches of Hooke (1984)
and Frothingham and Rhoads (2003). These characteristics were used to assess the
physical properties of point bars that control sediment connectivity and the feedback
mechanism at the bend-to-bend scale.
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4.2.3 Meander Migration Data

In Paper 1, a terrestrial laser scanner (TLS), geodimeter, StM-based orthomosaics,
orthophotos, and historical aerial images were used to measure riverbank retreat,
erosion volume, and meander migration rates. TLS measurements were conducted
annually between 2020 and 2022 during the low-water phase in October, when the
exposed area was largest (Fig. 8A). The TLS (Riegl, VZ-4001i) was mounted on a
tripod and repositioned around the point bar area between scans. Reflective targets
were placed on the point bar surface and outer banks to georeference the scanned
point clouds. The TLS point cloud was further processed by removing vegetation
and fallen trees from the vertical banks (Fig. 8B). Annual retreat and erosion volumes
were calculated by subtracting successive vertical bank surface models. Geodimeter
measurements (AGA EDM Geodimeter Model 76) were carried out during three
separate field campaigns between 1975 and 1995 (Koutaniemi, 1979, 1984, 1987;
2000) and by staff of the Oulanka Research Station from 2008 to 2020. Markers were
positioned along the outer bank margins, and the distance between a fixed
benchmark on the point bar and these markers was measured annually each autumn,
enabling trigonometric calculations of bank migration rates and erosion volumes.
Historical aerial images from 1976 to 2003 were georeferenced in GIS software
using stable markers within the river environment. These rectified images, along
with orthophotos from 2004 to 2022, were used to map riverbank margin retreat and
calculate migration rates for years lacking TLS or geodimeter data (Fig. 8C).

C) 0 50 100

I
Figure 8. Measuring and mapping of bank erosion and meander migration. A) Terrestrial Laser

Scanner (TLS). B) TLS point cloud of the river bank. C) Historical aerial image of year
1976 and orthomosaic of year 2022 overlaid with bank margins mapped.

4.3 Sediment and Bedload Sampling

Sediment samples were collected from riverbanks, the channel bed, and point bar
surfaces in each study to determine sediment particle size variation, textural
classifications (Papers I, 11, and III), and to analyse morphological change (Paper II).
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In addition, the samples were used to define sediment fractions and to adjust
Manning’s roughness coefficient in the morphodynamic model (Papers II and III).
A van Veen grab sampler was used for riverbed sampling (Fig. 9A), and a small
spade was used for sampling the banks and point bar surfaces (Fig. 9B). The location
of each sample was measured with VRS-GNSS. The collected samples (~0.5 kg)
were dry sieved at half-phi intervals and analysed using the GRADISTAT program
(Blott and Pye, 2010). To quantify bedload transport volume, a series of bedload
transport samples was collected from the Pulmankijoki River using a hand-held
Helley-Smith sampler (Papers II and III) (Fig. 9C). The sampler had a 152 x 152 mm
opening, a 3.22 expansion ratio, and a polyester bag with a 0.02 mm mesh. The
sampler was held perpendicular to the flow, and the samples were collected under
varying discharge conditions (high, medium, low) because the temporal variation in
sediment transport is significant. Alongside each sample, six-minute stationary
ADCP measurements were taken to capture the flow conditions at each sampling
point (Fig. 9C). The sampling spot was located at the downstream section of the river
in a meander bend that has been intensively monitored since 2005. The samples were
taken from three different locations (right bank, middle, and left bank) in four
different cross-sections within one meander. Three samples were collected per
sampling spot to ensure the representativeness of the samples. The bedload transport
samples were subsequently used to calibrate and validate the transport rates in the
morphodynamic model.

Figure 9. Collecting sediment and bedload samples. A) Van Veen grab sampler in the bottom of
the river. B) Sampling point bar surface with a small spade. C) Taking bedload transport
sample with a Helley-Smith sampler (left) simultaneously with stationary ADCP
measurements (right).
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4.4 Meteorological Data

Meteorological data was used to determine the climatic conditions in the study areas
over the periods 1975-2022 (Paper I) and 1992-2023 (Paper IIl). The data was
obtained from the Finnish Meteorological Institute’s (FMI’s) open data service from
two gauging stations: Kiutakdngds (Paper I) and Nuorgam (Paper III). For Paper I,
daily values of temperature, precipitation, ground frost, and snow depth were used
to derive a total of 16 variables, including various daily, monthly, and annual
(hydrological year) variates for the 49-year period (table 2). For paper III, daily
temperature, precipitation, and snow depth values were used to derive annual
(hydrological year) and spring time (March-April-May) minimum, mean, maximum,
and total variates for the 32-year period.

4.5 Statistical Analyses

In Paper I, a 49-year time series of various geomorphological, hydrological, and
meteorological parameters (table 2) were tested to identify trends, significant shift
points, and correlations between the geomorphological and hydroclimatic variables.
In Paper II, correlations between meander characteristics and erosion, deposition,
and connectivity values were analysed to identify possible linkages. The Mann-
Kendall trend test (Mann, 1945; Kendall, 1975), including adjustments for serial
correlation (Hamed and Rao, 1998) and outlier filtering (Sen, 1968), was applied to
the time series data from the Oulankajoki and Pulmankijoki rivers at a significance
level of 0.05 (Papers I and II). Shift points within the time series (Paper I) were
assessed using the non-parametric Pettitt test (Pettitt, 1979), a method based on the
Mann-Whitney two-sample rank test that identifies significant changes in the mean
of a time series without sensitivity to outliers. Monotonic correlations between
variables were tested in Papers I and II using the non-parametric Spearman’s rank
coefficient (Spearman, 1906) and correlation coefficient analysis (Iman and Helton,
1988) to eliminate covariates.

44



Materials and Methods

Table 2. Main variables and the variables derived from the main variables used in the statistical
analyses in Paper |. T and P data is obtained from FMI's open data service. Q and WL
data is obtained from SYKE’s open data service. Morphological data variables are
based on the field measurements. M = Monthly, A = Annually.

Main Temperature Precipitation Discharge Water level | Morphology
variable (°C) (mm) (m?3/s) (m)
Derived Tmean (M/A) Total P (M/A) Mean Q (M/A) Mean WL Erosion
Variable (M/A) volume Bank
1(A)
Tmin (M/A) P0O-5 (M/A) MinQ (M/A) | MinWL (M/A) Erosion
volume Bank
2(A)
Tmax (M/A) P5-15 (M/A) Max Q (M/A) | Max WL (M/A) | Migration rate
Bank 1 (A)
DTR (M/A) P15-25 (M/A) Q volume (A) | P90 WL (A) |Migration rate
Bank 2 (A)
Frost days (M/A) P>25 (M/A) P90 Q (A) P90 WL days Net
(A) volumetric
change Bend
1(A)
Frost sum (M/A) | Snow sum (M/A) Total P90 P90 WL days Net
volume (A) during spring | volumetric
flood (A) change Bend
2(A)
Freeze-thaw Snow cover days | Spring flood Day of WL >
days (M/A) (M/A) volume (A) P90 (Spring
flood) (A)
Ground frost P90 % of total | Day of WL <
days (M/A) Q (A) P90 (spring
flood) (A)

Thermal spring
star day (A)

Spring flood %
of total Q (A)
P90 peaks
outside spring
flood (A)
Day of Max Q
(A)

Day of Q >
P90 (spring
flood)
Day of Q <
P90 (spring
flood) (A)

Flood days
total (A)

Flood days
spring (A)
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4.6 Morphodynamic Modelling

Morphodynamic modelling of one hydrological year (Paper 1) and various flood
events (Paper III) was used to analyse the seasonality and controlling factors for
sediment transport, functional sediment connectivity, and the type of sediment
hysteresis and morphological response in the subarctic Pulmankijoki River. Depth-
averaged, two-dimensional CFD model was used to simulate the flow and
morphodynamic conditions in both papers. Delft3D software was selected for
modelling because it is widely used and validated by scientific literature, which
proofs that it is suitable for modelling and studying complex hydro- and
morphodynamic interactions (Nicholas et al., 2014; Kasvi et al., 2015; Williams et
al., 2016). An 2x2-metre curvilinear mesh was built in the FLOW2D module of
Delft3D. The model’s geometry was based on a bathymetric model derived from an
SfM aerial mosaic like described in section 4.2.1. A discharge rating curve based on
Levelogger, ADCP, and VRS-GNSS measurements was used as the upper boundary
condition, and the water level was used as the downstream boundary condition in
each simulation. A default scheme for dry cell erosion of banks was used which
assigns erosion evenly to the adjacent wet and dry cell. No further adjustment of the
bank erosion equation was made since the focus was on longitudinal sediment
transport. Steady water level and steady discharge (0.63 m®/s/) were used for the
entire ice-covered season based on Lotsari et al. (2020) under ice measurements
since Delft-3D cannot implement ice-covered flow.

In Paper II, the hydrograph for 2018-2019 was used to run the one-year
simulation, and in Paper 111, four spring flood hydrographs of different shapes were
simulated based on the measured and calculated hydrographs from 1992 to 2023.
Multiple sediment fractions and a varying Manning’s roughness parameter, based on
field samples, were used to improve the modelled geometry and sediment transport
rates. The bedload transport magnitudes were calibrated using Helley-Smith bedload
samples collected under various discharge conditions. The flow conditions were
calibrated to match the water level and flow velocity measurements collected in the
field at three different locations within the modelled reach during spring flood and
autumn low flow conditions. The calibration runs were validated against field
measurements from corresponding field campaigns with correlation of 0.95 for flow
velocity, correlation of 0.98 for water level, and correlation of 0.93 for bed load
transport.

In a two-dimensional, depth-averaged model, the horizontal momentum with
simplified Reynolds stress in the x-direction (Equation 4) and y-direction (Equation
5) is calculated using secondary flow correction as follows (Delft3D-Flow, 2011):
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Where g is the gravitational acceleration (m/s?), Pxy is the pressure (Pa), d is the
water depth (m), p, is the reference density of water (kg/m™), V ; is the horizontal
eddy viscosity. Fs is the correction term of the secondary flow effect, accounting
for horizontal shear stress originating from the secondary flow.

The shear stress at the riverbed in two-dimensional, depth-averaged simulations
is induced by a turbulent flow, which is assumed to be given by a quadratic friction
law as follows:

_ gpoulul

c? Equation 6

Where T is dimensionless bed shear stress, g is the gravitation, py is the reference
density of water (kg/m™) and C is the Chezy’s coefficient (m®%/s).

Bottom roughness of the model was computed according to Manning’s
formulation as follows:

Ucr aZb

= |Splapn — Equation 7

P
|lupl

Where the |Sy| is the magnitude of the unadjusted bed load transport, a;, is a

user-defined coefficient, u,, 1s the critical velocity (near-bed), — is the fluid
[upl
velocity vector (near-bed), and 2 a_ is the bed slope.

The van Rijn (1993) sediment” transport equation was used to model the sediment
transport conditions below (bed load), and above (suspended load) the van Rijn’s
reference height (boundary layer of bedload and suspended load). The reference
height is calculated using the following formula:

DsoT™*
aD, 0.3

Cq = fsus0.015p; Equation 8

Where f;, ¢ is the calibration parameter, c, is the sediment concentration at the
reference height (kg/m™), p, is the density of sediment particles (kg/m™), Dso is the
median sediment diameter (m) and T is a dimensionless bed shear stress.

In the van Rijn approach, so-called source and sink terms are used to calculate
the morphological change and sediment transfer between the riverbed and the flow.
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The quantities of the source and sink terms are calculated within the reference height
as follows:

Source = DZ;“ Equation 9
Sink = ¢,y (Z)—Z + WS) Equation 10

Where Dy is the vertical eddy diffusivity (m?%s™), ¢, is the mass concentration of
sediment in the reference layer (kg/m™), and Az is the vertical distance of reference
layer from the reference height a (m).

The suspended sediment transport above the Van Rijn’s reference height is
calculated as follows:

o | duc | ove
at x ay
] ac\ , 8 ac :
= (D) + 5 (Dy ) +5 Equation 11

Where c is the sediment concentration (m/s™), D is the eddy diffusivity (m?/s™),
and S is the source/sink term (kg/m) of erosion and deposition flux.

Bed load magnitude (equation 12) and the direction of transport (equation 13)
below the van Rijn’s reference height is calculated as follows:

ISp| = freq0.5npsDsou’ D, ~O3T Equation 12
S” — Up S”
b,x Ilq)bll b
o _ Vb ycn .
Shy = el S, Equation 13

Where fp.4 is the calibration parameter for bed load, n is the availability of
sediment, u’ is the effective bed shear velocity, D+ is a dimensionless particle
diameter, T is a dimensionless bed shear stress, uy, Vi, are the components for depth-
averaged near bed velocity (m/s), and q is the depth-averaged near bed velocity.

Since bedload transport is affected by the bed-level gradient, two bed slope
directions are distinguished: the slope in the initial direction of the transport, i.e., the
longitudinal bed slope, and the slope in the perpendicular direction, i.e., the
transverse bed slope. The longitudinal bed slope causes changes in the sediment
transport rate, which is given by:

S’y = agS" Equation 14
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Whereas the primary effect of transverse bed slope is change in transport towards
downslope direction. The equation for transverse bed slope based on Bagnold (1966)
is calculated as follows:

tan(9)) .
=1 -1 Equation 15
ag + aps <cos(tan‘1(g—z))(tan(®)+%) > quation

Where a; is a user—deﬁned tuning parameter, @ is the internal angle of friction
of bed material, and a—i is the bed slope in the direction of bed load transport.

4.7 Sediment Connectivity and Budgeting

In Paper II, functional sediment connectivity was analysed along the longitudinal
axis of the Pulmankijoki River reach. The connectivity value was calculated based
on monthly source/sink outputs from the morphodynamic model. This calculation
utilised an approach based on the ratio of total eroded to total deposited sediments,
following Calle et al. (2020), to determine the connectivity value (Cy) for each grid
cell (Equation 16). This method could be directly applied to the model’s source
(erosion) and sink (deposition) outputs without further modification.

Erosion
G =

- Deposition

Equation 16

The result of this equation quantifies functional connectivity downstream, with
a high connectivity value (C, > 1) when a cell acts as a sediment source (i.e., a cell
from which sediment is transported downstream) and sediment flux increases. A low
connectivity value (C, < 1) is assigned when a cell functions as a sediment sink (i.e.,
where sediment is deposited) and sediment flux decreases. Equilibrium (C, = 1) is
achieved when the volume of sediment eroded from, and deposited within, a cell is
roughly balanced, resulting in a stable sediment flux volume entering and leaving
the cell. Sediment budgeting at the bend-to-bend scale was calculated based on the
sediment flux volume entering and leaving a bend.

Erosion;

Fi=F_, + Equation 17

Deposition;

Where F) is the initial sediment flux entering the first bend, Erosion; is the total
erosion volume at bend i, Deposition; is the total deposition volume at bend i, Fi; is
the total sediment flux entering bend i, and F; is the total sediment flux exiting bend
i. The outcome of this equation indicates sediment flux volume entering and exiting
each bend based on functional C,. In this way, the relative change of sediment flux
between bends could be estimated.
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5 Results and Discussion

In this chapter, the main findings of the three papers included in this thesis are
presented, integrated and discussed. These results can be applied to sand-bed river
systems in the high-latitude boreal-subarctic climate region.

5.1 Spatiotemporal Variation of Sediment
Connectivity and Morphological Response
Drive Long-term Morphological Adjustment

To fulfil the first aim of this thesis, this chapter analyses the results from Papers 11
and III to investigate how spatiotemporal variations in sediment connectivity and
morphological response contribute to long-term morphological adjustment through
their interaction with hydromorphological characteristics.

Highlights: Functional sediment connectivity is episodic and highly spring
flood-dependent rather than solely governed by sediment availability in subarctic
rivers. The seasonality of sediment transport, connectivity, and morphological
adjustment is primarily hydrology-driven, yet during low discharge, local controls
become increasingly significant. Sediment transport within the system does not
directly correspond to net erosion or deposition at specific locations, as flood event
type and number of peak sequences critically shape the morphological response.
Thus, sediment transport is not always proportional to discharge volume but is
instead modulated by water flow, sediment grain size, flood sequencing, and
morphological adjustment mechanisms.

The seasonality of sediment transport, connectivity, and morphological
adjustment was controlled by hydrology over a distinct period of time based on the
results of Paper II. However, sensitivity to local controlling factors, particularly
particle size and meander planform type, increased significantly during discharge
episodes below the threshold discharge magnitude of ~20% of bankfull. The
majority of the annual sediment load (70%) was transported during the snowmelt-
driven spring flood when the threshold discharge was exceeded. However, parts of
the channel remained mobile throughout the year, even during low discharges. The
high connectivity episode during spring flood and moderate flow periods in summer
and early autumn accounted for a total of 93% of the annual sediment load and was
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responsible for the majority of the morphological changes in the riverbed. This aligns
with previous studies (Syvitski, 2002; Gordeev, 2006; Cockburn and Lamoureux,
2008; Favaro and Lamoureux, 2014; Bracken et al., 2015; Wohl, 2017; Beel et al.,
2021), which show that sediment flux in cold-climate rivers is largely governed by
a few extreme flow events rather than being a continuous process. Paper II is one of
the first studies to utilise morphodynamic modelling for assessing the spatiotemporal
variation of functional connectivity and to combine the morphological results with
the Index of Connectivity, which is typically not designed to represent functional
sediment connectivity processes (Najafi et al., 2021). The finding regarding point
bar individual characteristics controlling sediment dynamics is consistent with the
findings of Gautier et al. (2010), Hooke and Yorke (2010), and Lotsari et al. (2014b),
who state that point bar characteristics impact the morphological processes
experienced by the bend. In addition, the functional aspect of source and sink areas
for sediment could be detected by analysing the model source and sink terms with
the Index of Connectivity in Paper II. The analysis of the morphological change
predicted by the model indicated that erosion was more consistent compared to
deposition, a phenomenon previously recognised by Kasvi et al. (2015) and Lotsari
et al. (2019).

Additionally, the bend-to-bend budgeting and sediment flux volume analysis in
Paper Il showed that the sediment flux magnitude and the net volumetric change
were not connected. This implies that the amount of sediment moving within the
system does not directly correspond to the net erosion or deposition at given
locations, meaning that certain river sections act as transport corridors rather than as
sources or sinks. This could indicate a flush-through effect, previously discussed by
Bracken et al. (2015) and Cossart et al. (2018), or that the sediment in transport is
being replaced by new material, thereby maintaining high transport capacity and low
net erosion/deposition. The lack of correlation between volumetric change and flux
magnitude can partly be explained by the finding that local geomorphological factors
control functional connectivity. However, since hydrology was the major
contributor, variations in flow dynamics likely play a significant role. Although flow
dynamics were not analysed in detail in Paper II, previous findings by Kasvi et al.,
(2015) support this interpretation.

Furthermore, the flood event type and peak sequences play an important role in
determining the morphological response of the riverbed, based on the results of Paper
III. The flood event type and sequences, i.e. the hydrograph shape, had a significant
impact on the sediment transport pattern and morphological response of the riverbed.
Multi-peaking floods resulted in more complex sediment hysteresis loop than single-
peaking floods, a phenomenon previously observed in flume studies (Mao et al.,
2012). The complex hysteresis loop resulted in high heterogeneity in morphological
features compared to single-peaking events, which produced distinct riffle-pool
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formations. Similar year-to-year variability in morphological responses has been
observed by Hooke and Yorke (2010), Lotsari et al. (2014a, 2014b), and Salmela et
al. (2020), despite the long-term consistency in morphological adjustment. This
supports the above findings that short-term (annual) heterogeneities maintain the
long-term balance within the river system.

The distribution of sediment particle size was also found to affect the
morphological response pattern in Paper III, highlighting the importance of field
measurements and correct model parameterisation. The counter clockwise hysteresis
detected in Paper III implies that sediment is temporarily stored before transport is
fully activated, leading to a delayed response in sediment flux relative to discharge.
This supports the interpretation in Paper II that connectivity in subarctic rivers is
spring flood-dependent rather than a simple function of sediment availability. The
increase of multi-peaked floods occurrence observed in Paper I1I can have significant
implications for future sediment connectivity. When sediment is temporarily stored
between the peaks, it can lead to multiple fragmented connectivity episodes within a
single event, rather than a continuous transport phase. This phenomenon has been
observed in previous studies (Hooke, 2007; Gautier et al., 2010; Kasvi, 2015; Wohl,
2017), where flood duration, flow depth, sediment structure, and prevailing channel
morphology significantly influence transport rates. Thus, rather than responding
directly to peak discharge, sediment movement is influenced by the sequence and
characteristics of each flood peak, leading to complex, episodic connectivity patterns
within the event. Furthermore, the results confirm that sediment flux volume is not
always proportional to discharge volume, even though it is hydrologically controlled.
This reinforces the finding that functional connectivity in river systems is controlled
not only by water flow but also by sediment characteristics, flood sequencing, and
morphological response mechanisms.

These findings highlight the necessity of understanding how event-specific
factors, such as hydrograph shape, sediment characteristics and possible exhaustion,
and the sequential flow variability alter sediment flux patterns over time. The results
of Papers Il and III suggest that short-term spatiotemporal heterogeneities in
hydrology and sediment transport play an important role in system behaviour,
functional sediment connectivity, and morphodynamic response patterns. While the
long-term morphological adjustment of river systems is largely shaped by both
climatic and geomorphic characteristics, the findings demonstrate how functional
sediment connectivity promotes both immediate responses and long-term
adjustments in river morphology. As functional sediment connectivity and sediment
redistribution become more episodic and localised, and the volumetric differences
between episodes diminish, identifying sediment sources and sinks becomes crucial
for predicting river behaviour and managing sediment budgets effectively. This
means that sediment is no longer transported in a steady, predictable manner but is
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instead mobilised, temporarily stored, remobilised, and redeposited multiple times
within a hydrological year. Further sediment connectivity studies at global and local
scales are needed to achieve a comprehensive understanding of sediment flux
processes and related concepts, including mobilisation, remobilisation, storage,
cascades, detachment, transport, deposition, and sediment budgeting. This is
becoming increasingly important in high-latitude areas, which will become hotspots
of sediment transport due to climate change (Syvitski, 2002; Gordeev, 2006).

5.2 Hydroclimatic Change Significantly Alters the
Sediment Transport and Morphological
Processes in Boreal-subarctic Rivers

To fulfil the second aim of this thesis, this chapter summarises the results from
Papers I and III to analyse how hydroclimatic change alters sediment transport and
morphological processes in boreal-subarctic rivers, with a particular focus on its
effects on the seasonality and magnitude of flow-sediment interactions.

Highlights: Reduced winter time conditions and increased rainfall instead of
snow result in earlier onset of spring floods, multi-peaking hydrographs and a decline
in spring flood magnitude, and thus are driving shift of the hydrological regime.
Intensified precipitation in late summer has led to greater fluvial energy outside the
spring flood season, contributing to enhanced sediment mobilisation. The prolonged
freeze-thaw cycles and rain-on-snow events play a crucial role in sediment
mobilisation and bank erosion by controlling sediment availability. Sediment
transport episodes are becoming strongly event based rather than season based due
to a reduced contrast in fluvial energy between high and low flow periods and
increased sediment availability. Multi-peaking floods lead to increased
heterogeneity in sediment hysteresis and morphological response pattern.

Hydroclimatic change is profoundly altering fluvial and sediment transport
dynamics boreal-subarctic river systems. In Paper I, the transition period of the
hydroclimatic shift was identified from the 50-year time series analysed (Figure
10A). The first variables to shift were temperature-derived variables in the mid-
1990s. Discharge-derived variables shifted approximately 10 years later. Evidence
of increased precipitation intensity was detected in the Oulankajoki River; however,
the annual mean precipitation did not show a significant trend, and some
precipitation variables had not yet shifted based on the Pettitt test results. This could
indicate that pluvial control will further increase in the future once shift points for
all precipitation variables are reached. The rise in fluvial energy driven by increased
monthly precipitation outside the spring flood season (Figure 10B) suggests that this
phenomenon is becoming a significant contributor to sediment mobilisation. This is
supported by the fact that spring flood volume had significantly decreased, and the
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onset of thermal spring and the spring flood had advanced by almost two weeks over
the observed period (Figure 10C). A notable increase in winter baseflow was also
detected (Figure 10C). The increased monthly temperatures in winter (October -
April) (Figure 10B), and the fact that majority of all the shifts (Figure 10D) took
place during winter and spring highlights that special attention should be paid to
sediment processes occurring specifically during these periods.

These observations are consistent with previous findings from Finnish rivers and
rivers across Northern Eurasia and Canada (Andrew et al., 2005; St. Jacques and
Sauchyn, 2009; Korhonen and Kuusisto, 2010; Duan et al., 2017; Gohari et al., 2022;
Irannezhad et al., 2022). The shift in temperature and precipitation mean values,
preceding a shift in hydrological variables, has also been noted in previous studies
across the world (Salarijazi et al., 2012; Melo and Wendland, 2016; Belihu et al.,
2018; Conte et al., 2019; Zhang et al., 2020; Getahun et al., 2021). Many of these
studies highlight the importance of precipitation shifts in areas where river discharge
depends on rainfall (Melo and Wendland, 2016; Belihu et al., 2018; Zhang et al.,
2020), whereas the role of temperature shifts is emphasised in regions where
temperature alters water availability through snowmelt timing or evapotranspiration.
Therefore, the Oulankajoki River has shifted from nival towards pluvial control and
can be classified as a mixed-region, where the nival control diminishes and pluvial
control increases.

The observed prolonged freeze-thaw periods in late autumn and early spring
(Paper I) extend the duration during which sediment remains available for transport,
potentially increasing fluvial erosion through mechanical weathering and wetted
conditions (Walling, 2009; Fryirs and Brierley, 2013). This effect is further
amplified by the observed warming winters, during which precipitation falls as rain
instead of snow, contributing to immediate runoff and the loss of river ice cover. The
lack of ice cover has been found to further increase sediment transport during winter
(Lotsari et al., 2020; Pajunen et al., 2024). Similarly, earlier spring thaws and
increased spring precipitation are making rain-on-snow events more frequent which
further contribute to altered sediment transport dynamics and timing. These observed
changes in fluvial energy can lead to a decrease in the seasonal variability of
sediment transport due to reduced volumetric contrast between transport episodes
and seasons. In addition to hydrological factors, recent studies have identified freeze-
thaw conditions as key drivers of bank erosion and sediment mobilisation in cold
regions (Costa et al., 2018; Li et al., 2019; van Rooijen & Lotsari, 2024; Lotsari et
al., 2024).

Slightly increasing, but non-significant trends were detected in the bank erosion
and meander migration data (Paper I), suggesting that although the timing of peak
fluvial activity is shifting, the total mobilised sediment volumes have remained
relatively stable. While the hydroclimatic regime has already shifted in the
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Oulankajoki River and is expected to do so in the Pulmankijoki River in the future,
the sediment transport regime cannot shift without pluvial control exceeding the
threshold for additional sediment mobilisation (Lamoureux, 2000; Beel and
Lamoureux, 2018; Zhang et al., 2023). In systems where sediment is readily
available, such as in the boreal-subarctic region, this threshold can be met relatively
quickly, resulting in accelerated changes in sediment dynamics and morphological
responses. For example, Kérkkéinen and Lotsari (2022) found that sediment loads
outside the spring flood season have reached volumes comparable to typical spring
flood sediment flux, further supporting this observation. However, in systems
requiring larger-scale landscape disturbances, such as those driven by permafrost
thaw, the transition may take longer (Favaro and Lamoureux, 2014, 2015; Zhang et
al., 2022, 2023). In these cases, the delayed response reflects the time required for
underlying geomorphological and hydrological processes to catch up with shifting
climatic drivers.

The results of paper IIl indicate that even in the subarctic regions where
hydroclimatic shift is not yet fully taken place, the evolving flood characteristics are
already impacting river morphology and sediment transport patterns. Rising
temperatures, rain-on-snow events, and spring precipitation falling as rain instead of
snow are contributing to an increased frequency of multi-peaking spring flood
events, which can intensify geomorphic activity and increase short-term
heterogeneity of bedforms. The observed increase in double-peaking floods and
decline in single-peaking floods suggests potential shifts in river system stability,
sediment loads, and long-term morphological adjustments. If certain morphological
responses begin to accumulate, it could significantly alter sediment transport patterns
and eventually long-term morphological adjustment, as the long-term accumulation
of heterogeneities may cause instability in the river system like found by Bracken et
al., (2015), Wainwright et al., (2015) and Heckmann et al., (2018). This re-
organisation of sediment dynamics within the system could occur even without a
fundamental shift in the sediment transport regime. Instead of regime shift, gradual
adjustments in sediment connectivity, redistribution patterns, and morphological
responses could lead to noticeable changes in channel stability and sediment flux
over time. Such changes may be driven by alterations in flood sequencing, shifting
seasonal flow regimes, or increased frequency of extreme events, rather than a
complete transformation in sediment transport dynamics. Consequently, local-scale
sediment storage and remobilisation could become more dominant factors in shaping
long-term morphological adjustments within the river system.
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Figure 10. A summary of the key changes observed in monthly and annual hydroclimatic data over
the past five decades. A) The cumulative shift of main variables based on PettA strong
signal of reduced winter conditions, earlier spring floods, increased winter baseflow, and
increased late summer (July—August) precipitation was detected. The winter period
(October—March) showed the most significant volume of change throughout the
observed timeframe.

5.3 Changing Sediment Transport Dynamics
Underscore the Importance of Continuous
Monitoring and Modelling

In this chapter, I summarise the key findings of this thesis to fulfil the third aim by
assessing the key drivers of short- and long-term variability in morphological
adjustment under changing hydroclimatic conditions in high-latitude boreal and
subarctic rivers. Additionally, I discuss the practical implications of these findings
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and the future challenges in monitoring and modelling sediment transport dynamics
in these environments.

Highlights: The short- and long-term variability in morphological adjustment are
shaped by multiple interlinked hydroclimatic processes and can be highly catchment
specific. The shifting balance between nival and pluvial activity along with the non-
linear flow-sediment interaction play increasingly important role in boreal-subarctic
sediment dynamics by posing challenges for maintaining channel stability. Thus,
spatiotemporally intensive, long-term sediment monitoring and modelling is needed
to catch the ongoing rapid changes, and to develop adaptive river management
strategies.

The key processes influencing sediment dynamics under changing hydroclimatic
conditions, as recognised in this thesis, include shifts in the balance between nival
and pluvial activity, prolonged freeze-thaw cycles, and evolving flood regimes, all
caused by climate change. The observed decreasing seasonal variation and
increasing heterogeneity in sediment dynamics, highlight the need for process-based
modelling and advanced sediment monitoring. The observed non-linearity between
hydrology, sediment flux, and morphological net volumetric change underscore the
complexity of flow-sediment interaction and functional sediment connectivity in
meandering river systems, and the need for long time-series of both sedimentological
and hydrological data. These findings collectively demonstrate the value of long-
term geomorphological data and sediment records with robust spatiotemporal
coverage, which is an aspect that remains a significant global challenge still today
(e.g., Walling, 2009; Keestra et al., 2018; Syvitski et al., 2022; Zhang et al., 2022).

As the results of Paper II suggest, longitudinal functional sediment connectivity
in the river channel is episodic, and a certain threshold discharge volume must be
exceeded for the channel to be connected. The role of active flow above the critical
threshold discharge has been found crucial to morphological change, rather than the
peak discharge magnitude of a given flood event (Vetter, 2011; Kasvi, 2015; Salmela
et al., 2020). If increased fluvial activity outside the spring flood season exceeds the
local threshold for sediment mobilisation and connectivity, it is likely that the total
sediment transport volume will increase to some extent, as long as spring floods
continue to exceed this discharge threshold. This also indicates that sediment
transport and connectivity episodes will become event-based rather than seasonal, as
they are at the moment. The modelled hysteresis pattern detected in Paper 111, and
the previously observed (Zhang et al., 2022) time-lag between hydroclimatic and
sediment regime shifts, suggest that the relationship between the driving force and
sediment transport is often non-linear. Additionally, the increased frequency in
sequential flood peaks could further complicate future sediment fluxes and impact
functional connectivity, especially if such events occur multiple times during the
open-water season and consistently exceed the sediment transport threshold, as
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found by Tananaev and Lotsari (2022) in Siberia. Unlike the current sediment
transport regime in boreal-subarctic region, which is largely driven by a single major
flood event, these changes could shift sediment dynamics towards a more continuous
and unpredictable pattern. This would have significant implications for river
morphology over time, as the control exerted by morphological characteristics, as
identified in Paper Il and by Gautier et al. (2010), Hooke and Yorke (2010), and
Lotsari et al. (2014), would decrease in contrast to the increasing influence of
hydrological control.

Each paper in this thesis demonstrates the application of a combination of close-
range remote sensing methods, statistical analysis, and conventional field
measurements across different spatiotemporal scales. While many of these methods
have previously been used in fluvial geomorphological studies (Alho et al., 2019;
Flener et al., 2013; Dietrich et al., 2017; Kasvi et al., 2019; Calle et al., 2020), their
integration presented in this thesis, particularly in terms of spatiotemporal resolution,
is novel in the context of sediment dynamics and functional connectivity analysis.
This multi-method approach shows that by combining comprehensive field
measurements, high-resolution CFD modelling, time-series of hydroclimatic data,
and the Index of Connectivity, the dynamic and temporal aspects of sediment
transport, connectivity i.e., its functionality, and morphological response, can be
effectively analysed. This integrated framework addresses a key challenge
highlighted in previous research (Brasington et al., 2000; Bracken et al., 2014;
Heckmann & Vericat, 2018; Keesstra et al., 2018; Najafi et al., 2021), which
underscores the necessity of functional modelling that integrates hydrodynamics,
sediment properties, and hydroclimatic data at high spatiotemporal resolution for
accurately assessing and managing sediment connectivity in fluvial systems. This
thesis and many previous studies (Rodriguez et al., 2004; Lotsari et al., 2014; Kasvi,
2015; Williams et al., 2016a, 2016b; Bosboom et al., 2020), have proven CFD
models as effective tool in evaluating morphological processes at multiple scales.

However, high spatiotemporal resolution data is needed for boundary conditions,
calibration, and validation to ensure the model is representative of real-world
conditions (Kasvi, 2015; Williams, 2016a). The accuracy of these models relies
heavily on user-defined parameters, particularly sediment grain size, which can
significantly influence morphodynamic outcomes, and has been found crucial in
morphodynamic models (Pinto et al., 2006; Nicholas et al., 2013a, 2013b; Lotsari et
al., 2014; Bosboom et al., 2020). The primary focus of the model used in Papers 11
and III was on sedimentological parameters, which ultimately performed with
satisfactory results. The accuracy of the model, however, descended as the model
progressed and the correlation values for flow velocity, water level and bed load
transport lowered from 0.91, 0.96 and 0.98 to 0.84, 0.91 and 0.83, respectively. The
morphological outcome of the model was validated using ADCP, VRS-GNSS and
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DEM, representing the situation in the end of the modelled hydrological year. The
model predicted the morphological changes on wet pixels with a correlation of 0.91,
and in dry pixels with 0.93. Comparison of random points, both wet and dry, between
the SfM-based DEM and modelled geometry indicated correlation of 0.85. Thus, we
can say that the model performed generally well. However, it is important to
acknowledge the limitations of the model in predicting morphology, as the
parametrisation was kept relatively simple to ensure computational efficiency. In
addition, Delft-3D cannot simulate ice-covered flow, and the representation of lateral
erosion through source and sink terms is rather simplistic. Previous studies (Lotsari
et al., 2014; Lotsari et al., 2020; Lotsari et al., 2022) have recorded significant
changes in sediment transport patterns during ice-covered period, so this can be
considered as an uncertainty in the results in paper II. The simplicity of lateral
erosion, however, is not considered an issue in this case as Pulmankijoki river
experiences mostly vertical and longitudinal changes (Vaaja et al., 2013; Kasvi,
2015; Lotsari et al., 2019).

The regional and temporal variability in sediment transport processes found in
this thesis and other studies in high-latitude regions (Gordeev, 2006; Favaro and
Lamoureux, 2014; Lotsari et al., 2014; Croghan et al., 2024) poses another
significant challenge for modelling as boreal-subarctic regions exhibit diverse
geomorphic and climatic conditions, making it difficult to generalise findings across
regions. Croghan et al. (2024) highlighted how seasonal and spatial variability in
sediment transport in subarctic headwater catchments depends on soil composition
and vegetation. Hooke (2007) and Favaro (2013) noted similarly that sediment
connectivity and mobilisation vary between catchments with different degrees of
hydrological connectivity and climatic conditions. Therefore, future studies should
closely monitor these factors to capture the full spectrum of changing sediment
dynamics. Another challenge lies in defining the critical thresholds at which
hydroclimatic drivers, such as multi-peaking floods, prolonged freeze-thaw cycles,
permafrost thaw, or extreme rain-on-snow events trigger irreversible sediment
mobilisation. McDonald and Lamoureux (2009) highlight that while flood discharge
thresholds are often used to estimate sediment transport, these thresholds vary
greatly depending on local geomorphic characteristics and seasonal conditions. This
variability underscores the importance of conducting comparative studies across
high-latitude regions to better understand how local conditions affect sediment flux.
As hydroclimatic regimes continue to evolve, the predictability of sediment fluxes
and morphological responses becomes increasingly challenging.

These changes will have implications on practical usage of river environments,
river system management, engineering restorations and decision-making in both
urban and rural contexts. Thus, understanding the evolving hydroclimatic conditions
and sediment fluxes, is crucial for mitigating risks associated with erosion, sediment
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deposition, and floodplain stability, which can have significant consequences for
infrastructure, water quality, and biodiversity. River engineering projects, such as
dam operations, dredging, and bank stabilisation, must therefore account for shifting
hydroclimatic patterns to ensure long-term sustainability and resilience.
Furthermore, the implications extend to policy and governance, requiring a more
integrated frameworks that balances these changes with socio-economic needs.
Ultimately, as hydroclimatic variability intensifies, a more holistic and
interdisciplinary approaches for river system and sediment flux monitoring and
management, like demonstrated in this study, will be essential in maintaining the
functionality, geodiversity, biodiversity and ecological state of fluvial environments.
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Conclusions

This thesis focused on the impact of climate change on fluvial and sediment
dynamics in high-latitude rivers. The research was conducted on two high-latitude
rivers, utilising 30- to 50-year hydroclimatic and geomorphological time series, as
well as computational morphodynamic modelling and the Index of Connectivity. By
adopting this comprehensive multi-method approach, consisting of field
measurements, modelling, statistical analyses, and quantitative tools, the following
conclusions can be drawn:

1.

Seasonal variation in flow-sediment interaction decreases, while
heterogeneity of morphodynamics increases in boreal-subarctic
rivers. The contrast between seasonal sediment volumes is diminishing
due to the impacts of climate change. Historically, a single major event,
the spring flood, accounted for the majority of the annual sediment load.
However, reduced winter conditions, advancing springs, and increasing
multi-peaking floods and pluvial activity are resulting in lower peak
sediment volumes during the spring flood and an increase in sediment
transport during other seasons. This leads to altered sediment transport
dynamics and morphological responses, and increases the heterogeneity
and complexity of sediment transport and morphological processes.

Sediment connectivity episodes will become event-related rather than
season-related in boreal-subarctic area. Sediment connectivity is
controlled by flow conditions whenever the threshold discharge
magnitude is exceeded. In contrast, below the threshold value, local
morphological factors such as sediment grain size and meander planform
geometry become more impactful, controlling the extent and efficiency of
sediment transfer. Currently, connectivity episodes in nival systems are
distinctly season-related. However, due to climate change and increased
pluvial activity, the frequency of single, sporadic high-energy
connectivity episodes is expected to rise, making them strongly event-
driven, like seen on the pluvial/mixed region. As a result, sediment
transport will become more heterogeneous, shifting from seasonal fluxes
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to frequent episodic events. These high-energy episodes may intensify
erosion, deposition, and channel changes, disrupting sediment budgets
and long-term stability, and creating new geomorphic hotspots.

Continuous monitoring of sediment fluxes and source-to-sink
processes is needed to capture the short- and long-term dynamics of
sediment transport and morphological adjustment. This study
highlighted that by combining spatiotemporally intensive field
measurements, modelling, and quantitative tools, functional sediment
processes can be assessed with high resolution and detail. Such an
approach, conducted with continuous real-time monitoring, would
provide critical insight into the seasonal and episodic patterns, enabling
the identification of river-specific thresholds for sediment redistribution
processes and connectivity. It would support the development, calibration,
and validation of advanced modelling approaches, such as digital twins.
In the context of climate change, as high-latitude rivers become hotspots
of sediment transport, continuous data collection would further benefit
river management strategies. The sensitive freeze-thaw seasons, in
particular, should be subject to intensified monitoring in the future.

These findings highlight the profound impacts of climate change-induced
hydroclimatic shifts on fluvial and sediment transport dynamics in high-latitude
rivers, revealing a transition from seasonal to event-driven fluvial dynamics and
increasing complexity in sediment transport processes. The findings emphasise the
need for continuous monitoring and advanced modelling, such as digital twins, to
capture evolving patterns and thresholds of sediment transport. Future research
should integrate real-time data with predictive multi-method approaches to improve
the understanding of short- and long-term morphodynamic feedback. As Arctic
rivers become critical hotspots of sediment transport, these efforts will be key to
ensuring their resilience in a changing climate.

62



Acknowledgements

After working as a research assistant in the Fluvial Research Group during my
Bachelor’s and Master’s studies, pursuing a PhD felt like a natural continuum.
Especially since I had enjoyed the fieldwork trips and the fun days at the office with
those great individuals whom I can call my colleagues. After a slow, rocky start with
no funding and a paper stuck in the system for almost three years due to reasons
beyond my control, I have truly enjoyed this journey. This work has given me
experiences and opportunities I could never have imagined. It has allowed me to
combine my interest in nature, the outdoors, and environmental processes with my
work. It has taken me to places around the world I probably wouldn’t have visited
otherwise, introduced me to people, many of whom I can now call friends, and made
me drink coffee (and litres of Jallu). On the other hand, it has sometimes caused me
insomnia, stress, and anxiety.

During this journey I have learned a lot about rivers, nature, research, methods,
engineering, people, and life in general. When I compare the struggle of writing the
first paper to the ease of writing the last, I feel I can confidently say that [ have grown
as a researcher as well. There were times when I had so much fun doing research
that I actually forgot I was working and educating myself. But there were also
moments when I wanted to throw the computer out of the fourth-floor window, flip
my table (also known as Lintsu’s Help Desk for dummies) and quit. These situations
usually involved Excel or supervisor comments on the article manuscript. During
both the good and the bad moments, the support of colleagues and friends played a
major role, and for that, I would like to thank you all.

First of all, I would like to thank my supervisors: Prof. Petteri Alho, Associate
Prof. Elina Kasvi, and Research Prof. Harri Kaartinen. Special thanks to Pete for this
opportunity and for giving me responsibility in various projects from the very
beginning. Learning by doing has been extremely valuable. I feel that there has
always been mutual respect and trust between us, ensuring that things got done.
Throughout this journey, you have been a supervisor, a colleague, and a friend. Elina,
you have always been encouraging, given constructive feedback, and been like an
academic big sister to me — someone to look up to. You have become a good friend
to me, someone I can spend time with outside of work as well. Harri, even though

63



Linnea Bléafield

we haven’t written a paper together (yet), you have been an important part of my
journey. We have done many fieldwork campaigns together, and I must say that I
admire your mentality and attitude towards life and work. And of course, your
appreciation for good food — because good food is always important!

Over the past years, | have spent every May, September, and February in the
most beautiful Lapland, in the middle of nowhere, in ice-cold rivers, in a car singing
karaoke, and playing Kumman kaa? with my colleagues from the Fluvial Research
Group and other organisations. You become both amazingly and awkwardly close
to the people you spend weeks with in a small cabin, half naked in the sauna, road-
tripping thousands of kilometres across Finland, and hours together in the same
office. Not to mention the regulars at Pub Rastogi’s, local reindeer herder boys, or
the “James Bond” man from the border guard. Also, a shout-out to my favourite non-
beeping equipment; Johnson Four Stroke, Lyytikdinen and van Veen. When you do
a lot of fieldwork, you learn to appreciate the simplest equipment, the ones with the
least fancy technology. You can always rely on them. <3 Otherwise you have to be
prepared with a lot of patience, duct tape, and zip ties... #Science

Anyhow, thanks belong to these people: Eliisa Lotsari, Jouni Salmela, Tekevdt
Tytot aka Karoliina Lintunen and Jutta Porkka, my favourite Spanish guy Mikel
Calle, Aino Saarinen, all of our research assistants over the years, my co-authors
Hannu Marttila and Carlos Gonzales-Inca, and to many other researchers from the
Finnish Geospatial Research Institute, Aalto University, and the University of Oulu.
Special thanks to the Oulanka Research Station for all the assistance and data I
received, and to Anne and Tapsa from the Kevo Research Station for always
welcoming us with pancakes and coffee when we were driving past or picking up
equipment from the station. Thanks to the people at the Department of Geography
and Geology, especially Leena, you have been an irreplaceable help with software
issues. I hope you are enjoying your retirement. Thanks to the Turku University
Foundation and the Kone Foundation for funding this thesis. Thanks to the Ministry
of Education and Culture of Finland, and the Research Council of Finland's Flagship
Programme who partly funded this work through the DIWA (Digital Waters)
Flagship. But most importantly, none of this would have been possible without my
family, friends and Tyttdret, who took care of my dogs while I spent weeks on the
field and travelled to conferences. I am truly grateful for your support, so thank you!

Turku, March 2025
Linnea Bldfield

64



References

Ahmed, R., Prowse, T., Dibike, Y., Bonsal, B., & O’Neil, H. (2020). Recent trends in freshwater influx
to the Arctic Ocean from four major Arctic-draining rivers. Water, 12(4), 1189.
https://doi.org/10.3390/w12041189

Ahmed, R. A. O., & Bakken, T. H. (2023). Assessment of the suitability of Green LiDAR in mapping
lake bathymetry.

Alho, P., Kukko, A., Hyyppéd, H., Kaartinen, H., Hyypp4, J., & Jaakkola, A. (2009). Application of boat-
based laser scanning for river survey. Earth Surface Processes and Landforms: The Journal of the British
Geomorphological Research Group, 34(13), 1831-1838. https://doi.org/10.1002/esp.1879

Andrew C. Forbes & Scott F. Lamoureux (2005) Climatic Controls on Streamflow and Suspended
Sediment Transport in Three Large Middle Arctic Catchments, Boothia Peninsula, Nunavut,
Canada, Arctic, Antarcticc and Alpine Research, 37:3, 304-315, DOI:10.1657/1523-
0430(2005)037[0304:CCOSAS]2.0.CO;2

Andrew S. Goudie, Global warming and fluvial geomorphology, Geomorphology, Volume 79, Issues
34,2006, Pages 384-394, https://doi.org/10.1016/j.geomorph.2006.06.023

Arnell, N. W. (1999). The effect of climate change on hydrological regimes in Europe: a continental
perspective.  Global environmental change, 9(1), 5-23.https://doi.org/10.1016/S0959-
3780(98)00015-6

Bayram, A., Kankal, M., & Onsoy, H. (2012). Estimation of suspended sediment concentration from
turbidity measurements using artificial neural networks. Environmental monitoring and
assessment, 184, 4355-4365. https://doi.org/10.1007/s10661-011-2269-2

Bathurst, J. C., Hey, R. D., & Thorne, C. R. (1979). Secondary flow and shear stress at river bends.
Journal of the Hydraulics Division, 105(10), 1277-1295. https://doi.org/10.1061/JYCEAJ.000528

Beel, C. R., Lamoureux, S. F., & Orwin, J. F. (2018). Fluvial response to a period of
hydrometeorological change and landscape disturbance in the Canadian High Arctic. Geophysical
Research Letters, 45(19), 10-446.

Beel, C. R., Heslop, J. K., Orwin, J. F., Pope, M. A., Schevers, A. J., Hung, J. K. Y., ... & Lamoureux,
S. F. (2021). Emerging dominance of summer rainfall driving High Arctic terrestrial-aquatic
connectivity. Nature Communications, 12(1), 1448. https://doi.org/10.1038/s41467-021-21759-3

Belihu, M., Abate, B., Tekleab, S., & Bewket, W. (2018). Hydro-meteorological trends in the Gidabo
catchment of the Rift Valley Lakes Basin of Ethiopia. Physics and Chemistry of the Earth, Parts
A/B/C, 104, 84-101. https://doi.org/10.1016/j.pce.2017.10.002

Benedict, P. C. (1947, May). Determination of the suspended sediment discharge of streams. In
Proceedings of the 1st Federal Interagency Sedimentation Conference. US Subcommittee on
Sedimentation (a subcommittee of the Advisory Committee on Water Information) (pp. 55-67).

Best, J., Simmons, S., Parsons, D., Oberg, K., Czuba, J., & Malzone, C. (2010). A new methodology for the
quantitative visualization of coherent flow structures in alluvial channels using multibeam echo-
sounding (MBES). Geophysical Research Letters, 37(6). https://doi.org/10.1029/2009GL041852

Bitelli, G., Bonsignore, F., & Unguendoli, M. (2000). Levelling and GPS networks to monitor ground
subsidence in the Southern Po Valley. Journal of Geodynamics, 30(3), 355-369.
https://doi.org/10.1016/S0264-3707(99)00071-X

65


https://doi.org/10.3390/w12041189
https://doi.org/10.1002/esp.1879
https://doi.org/10.1657/1523-0430(2005)037%5b0304:CCOSAS%5d2.0.CO;2
https://doi.org/10.1657/1523-0430(2005)037%5b0304:CCOSAS%5d2.0.CO;2
https://doi.org/10.1016/j.geomorph.2006.06.023
https://doi.org/10.1016/S0959-3780(98)00015-6
https://doi.org/10.1016/S0959-3780(98)00015-6
https://doi.org/10.1007/s10661-011-2269-2
https://doi.org/10.1061/JYCEAJ.0005285
https://doi.org/10.1038/s41467-021-21759-3
https://doi.org/10.1016/j.pce.2017.10.002
https://doi.org/10.1029/2009GL041852
https://doi.org/10.1016/S0264-3707(99)00071-X

Linnea Bléafield

Blanckaert, K. (2009). Saturation of curvature-induced secondary flow, energy losses, and turbulence
in sharp open-channel bends: laboratory experiments, analysis, and modeling. Journal of
Geophysical Research, 114:F3. https://doi.org/10.1029/2008JF001137

Blott, S. J., Pye, K. (2001). GRADISTAT: A grain size distribution and statistics package for the
analysis of unconsolidated sediments. Earth Surface Processes and Landforms 26:1237-1248.
https://doi.org/10.1002/esp.261

Bracken, L. J., Turnbull, L., Wainwright, J., Bogaart, P. (2015). Sediment connectivity: a framework
for understanding sediment transfer at multiple scales: SEDIMENT CONNECTIVITY:
SEDIMENT TRANSFER AT MULTIPLE SCALES. Earth Surface Processes and Landforms
40:177-188. https://doi.org/10.1002/esp.3635

Brasington, J., Langham, J., & Rumsby, B. (2003). Methodological sensitivity of morphometric
estimates of coarse fluvial sediment transport. Geomorphology, 53(3-4), 299-316.
https://doi.org/10.1016/S0169-555X(02)00320-3

Bridge, J. S., & Jarvis, J. (1976). Flow and sedimentary processes in the meandering river South Esk, Glen
Clova, Scotland. Earth surface processes, 1(4), 303-336. https://doi.org/10.1002/esp.3290010402

Bridge, J. S. (1992). A revised model for water flow, sediment transport, bed topography and grain size
sorting in natural river bends. Water Resources Research, 28(4), 999-1013.
https://doi.org/10.1029/91WR03088

Borselli, L., Cassi, P., & Torri, D. (2008). Prolegomena to sediment and flow connectivity in the
landscape: A GIS and field numerical assessment. Catena, 75(3), 268-277.
https://doi.org/10.1016/j.catena.2008.07.006

Bosboom, J., Mol, M., Reniers, A. J. H. M., Stive, M. J. F., & De Valk, C. F. (2020). Optimal sediment
transport for morphodynamic model validation. Coastal Engineering, 158, 103662.
https://doi.org/10.1016/j.coastaleng.2020.103662

Burguet, M., Guzmén, G., de Luna, E., Taguas, E. V., & Gémez, J. A. (2018). Evaluation of disruption of
sediment connectivity and herbicide transport across a slope by grass strips using a magnetic iron oxide
tracer. Soil and Tillage Research, 180, 268-281. https://doi.org/10.1016/j.5til1.2018.02.014

Calle, M., Alho, P., & Benito, G. (2018). Monitoring ephemeral river changes during floods with SfM
photogrammetry. Journal of Iberian Geology, 44(3), 355-373. https://doi.org/10.1007/s41513-018-
0078-

Calle, M., Calle, J., Alho, P., & Benito, G. (2020). Inferring sediment transfers and functional
connectivity of rivers from repeat topographic surveys. Earth Surface Processes and Landforms,
45(3), 681-693. https://doi.org/10.1002/esp.4765

Carey, W. C. (1969). Formation of flood plain lands. Journal of the Hydraulics Division, 95(3), 981-
994.

Carbonneau, P. E., Dietrich, J. T. (2017). Cost-effective non-metric photogrammetry from consumer-
grades UAS: implications for direct georeferencing of structure from motion photogrammetry.
Earth Surface Processes and Landforms 42:473-486. https://doi.org/10.1002/esp.4012

Charlton, M. E., Large, A. R., & Fuller, I. C. (2003). Application of airborne LiDAR in river
environments: the River Coquet, Northumberland, UK. Earth Surface Processes and Landforms:
The Journal of the British Geomorphological Research Group, 28(3), 299-306.
https://doi.org/10.1002/esp.482

Cavalli, M., Trevisani, S., Comiti, F., & Marchi, L. (2013). Geomorphometric assessment of spatial
sediment connectivity in small Alpine catchments. Geomorphology, 188, 31-41.
https://doi.org/10.1016/j.geomorph.2012.05.007

Cislaghi, A., & Bischetti, G. B. (2019). Source areas, connectivity, and delivery rate of sediments in
mountainous-forested hillslopes: A probabilistic approach. Science of the Total Environment, 652,
1168-1186. https://doi.org/10.1016/j.scitotenv.2018.10.318

Coch, C., Lamoureux, S. F., Knoblauch, C., Eischeid, I., Fritz, M., Obu, J., & Lantuit, H. (2018).
Summer rainfall dissolved organic carbon, solute, and sediment fluxes in a small Arctic coastal

66


https://doi.org/10.1029/2008JF001137
https://doi.org/10.1002/esp.261
https://doi.org/10.1002/esp.3635
https://doi.org/10.1016/S0169-555X(02)00320-3
https://doi.org/10.1002/esp.3290010402
https://doi.org/10.1029/91WR03088
https://doi.org/10.1016/j.catena.2008.07.006
https://doi.org/10.1016/j.coastaleng.2020.103662
https://doi.org/10.1016/j.still.2018.02.014
https://doi.org/10.1002/esp.4765
https://doi.org/10.1002/esp.4012
https://doi.org/10.1002/esp.482
https://doi.org/10.1016/j.geomorph.2012.05.007
https://doi.org/10.1016/j.scitotenv.2018.10.318

References

catchment on Herschel Island (Yukon Territory, Canada). Arctic Science, 4(4), 750-780.
https://doi.org/10.1139/as-2018-0010

Cockburn, J. M., & Lamoureux, S. F. (2008). Hydroclimate controls over seasonal sediment yield in
two adjacent High Arctic watersheds. Hydrological Processes: An International Journal, 22(12),
2013-2027.https://doi.org/10.1002/hyp.6798

Conte, L. C., Bayer, D. M., & Bayer, F. M. (2019). Bootstrap Pettitt test for detecting change points in
hydroclimatological data: Case study of Itaipu Hydroelectric Plant, Brazil. Hydrological Sciences
Journal, 64(11), 1312-1326. https://doi.org/10.1080/02626667.2019.1632461

Cossart, E., & Fressard, M. (2017). Assessment of structural sediment connectivity within catchments:
insights from graph theory. Earth Surface Dynamics, 5(2), 253-268. https://doi.org/10.5194/esurf-
5-253-2017

Cossart, E., Viel, V., Lissak, C., Reulier, R., Fressard, M., & Delahaye, D. (2018). How might sediment
connectivity change in space and time?. Land Degradation & Development, 29(8), 2595-2613.
https://doi.org/10.1002/1dr.3022

Costa, A., Anghileri, D., & Molnar, P. (2018). Hydroclimatic control on suspended sediment dynamics
of a regulated Alpine catchment: a conceptual approach. Hydrology and Earth System Sciences,
22(6), 3421-3434. https://doi.org/10.5194/hess-22-3421-2018

Coulthard, T. J., Hicks, D. M., & Van De Wiel, M. J. (2007). Cellular modelling of river catchments
and reaches: advantages, limitations and prospects. Geomorphology, 90(3-4), 192-207.
https://doi.org/10.1016/j.geomorph.2006.10.030

Croghan, D., Ala-Aho, P., Welker, J., Mustonen, K. R., Khamis, K., Hannah, D. M., ... & Marttila, H.
(2024). Seasonal and interannual dissolved organic carbon transport process dynamics in a
subarctic headwater catchment revealed by high-resolution measurements. Hydrology and Earth
System Sciences, 28(4), 1055-1070. https://doi.org/10.5194/hess-28-1055-2024

Croke, J., Fryirs, K., & Thompson, C. (2013). Channel-floodplain connectivity during an extreme flood
event: implications for sediment erosion, deposition, and delivery. Earth Surface Processes and
Landforms, 38(12), 1444-1456. https://doi.org/10.1002/esp.3430

Cucchiaro, S. (2019). Assessing sediment dynamics and check dams efficiency in a debris-flow
catchment using multi-temporal topographic surveys.

Daneshvar, F., Nejadhashemi, A. P., Woznicki, S. A., & Herman, M. R. (2017). Applications of
computational fluid dynamics in fish and habitat studies. Ecohydrology & Hydrobiology, 17(1),
53-62. https://doi.org/10.1016/j.ecohyd.2016.12.005

Darby, S. E., Alabyan, A. M., & Van de Wiel, M. J. (2002). Numerical simulation of bank erosion and
channel migration in meandering rivers. Water Resources Research, 38(9), 2-1.
https://doi.org/10.1029/2001 WR000602

Delft3D-Flow (2011). Simulation of multi-dimensional hydrodynamic flows and transport phenomena,
including sediments. User Manual. Hydro-Morphodynamics, Version: 3.15.

Dey, S., & Dey, S. (2014). Sediment threshold. Fluvial Hydrodynamics: Hydrodynamic and Sediment
Transport Phenomena, 189-259. https://doi.org/10.1007/978-3-642-19062-9 4

Dietrich, W. E., Smith, J. D. (1983). Influence of the point bar on flow through curved channels. Water
Resources Research 19:1173-1192. https://doi.org/10.1029/WR019i005p01173

Dietrich, W. E., Smith, J. D. (1984). Bed load transport in a river meander. Water Resources Research
20:1355-1380. https://doi.org/10.1029/WR020i010p01355

Dietrich, J. T. (2017). Bathymetric structure-from-motion: Extracting shallow stream bathymetry from
multi-view stereo photogrammetry. Earth Surface Processes and Landforms, 42(2), 355-364.
https://doi.org/10.1002/esp.4060

Duan, L., Man, X., Kurylyk, B. L., & Cai, T. (2017). Increasing winter baseflow in response to
permafrost thaw and precipitation regime shifts in northeastern China. Water, 9(1), 25.
https://doi.org/10.3390/w9010025

Eltner, A., Maas, H. G., & Faust, D. (2018). Soil micro-topography change detection at hillslopes in fragile
Mediterranean landscapes. Geoderma, 313, 217-232. https://doi.org/10.1016/j.geoderma.2017.10.034

67


https://doi.org/10.1139/as-2018-0010
https://doi.org/10.1002/hyp.6798
https://doi.org/10.1080/02626667.2019.1632461
https://doi.org/10.1002/ldr.3022
https://doi.org/10.5194/hess-22-3421-2018
https://doi.org/10.1016/j.geomorph.2006.10.030
https://doi.org/10.1002/esp.3430
https://doi.org/10.1016/j.ecohyd.2016.12.005
https://doi.org/10.1029/2001WR000602
https://doi.org/10.1007/978-3-642-19062-9_4
https://doi.org/10.1029/WR019i005p01173
https://doi.org/10.1029/WR020i010p01355
https://doi.org/10.1002/esp.4060
https://doi.org/10.3390/w9010025
https://doi.org/10.1016/j.geoderma.2017.10.034

Linnea Bléafield

Eltner, A., Sardemann, H., & Grundmann, J. (2020). Flow velocity and discharge measurement in rivers
using terrestrial and unmanned-aerial-vehicle imagery. Hydrology and Earth System Sciences,
24(3), 1429-1445. https://doi.org/10.5194/hess-24-1429-2020

Elznicova, J., Kiss, T., von Suchodoletz, H., Bartyik, T., Sipos, G., Lend’akova, Z., ... & Matys Grygar,
T. (2023). Was the termination of the Jizera River meandering during the Late Holocene caused
by anthropogenic or climatic forcing?. Earth Surface Processes and Landforms, 48(4), 669-686.
https://doi.org/10.1002/esp.5509

Engelund, F., & Hansen, E. (1967). A monograph on sediment transport in alluvial streams. Technical
University of Denmark Ostervoldgade 10, Copenhagen K.

Favaro, E. A. (2013). Downstream patterns and catchment controls on suspended sediment transport in
a high Arctic river. Queen's University (Canada).

Favaro, E. A., & Lamoureux, S. F. (2014). Antecedent controls on rainfall runoff response and sediment
transport in a High Arctic catchment. Geografiska Annaler: Series A, Physical Geography, 96(4),
433-446.DOI: 10.1111/geoa.12063

Favaro, E. A., & Lamoureux, S. F. (2015). Downstream patterns of suspended sediment transport in a
High Arctic river influenced by permafrost disturbance and recent climate change.
Geomorphology, 246, 359-369. https://doi.org/10.1016/j.geomorph.2015.06.038

Feng, G., Zhu, W., Duan, Z., & Zhang, Y. (2022). The role of morphological changes in Microcystis
adaptation to nutrient availability at the colonial level. Harmful Algae, 115, 102235.
https://doi.org/10.1016/j.hal.2022.102235

Flener C, Vaaja M, Jaakkola A, Krooks A, Kaartinen H, Kukko A, Kasvi E, Hyyppa H, Hyyppa J, Alho
P. Seamless Mapping of River Channels at High Resolution Using Mobile LiDAR and UAV-
Photography. Remote Sensing. 2013; 5(12):6382-6407. https://doi.org/10.3390/rs5126382

Ferguson, R. 1., Parsons, D. R., Lane, S. N., & Hardy, R. J. (2003). Flow in meander bends with
recirculation at the inner bank. Water resources research, 39(11).
https://doi.org/10.1029/2003WR001965

Ferreira, R. M., Hassan, M. A., & Ferrer-Boix, C. (2015). Principles of bedload transport of non-
cohesive sediment in open-channels. Rivers—Physical, Fluvial and Environmental Processes, 323-
372.

Folk, R. L. (1954). The distinction between grain size and mineral composition in sedimentary-rock
nomenclature. Journal of Geology 62:344-359.

Friedman, G. M., Sanders, J. E. (1978). Principles of Sedimentology. Wiley: New York.

Frothingham, K. M., Rhoads, B. L. (2003). Three-dimensional flow structure and channel change in an
asymmetrical compound meander, Embarras River, Illinois. Earth Surface Process and Landforms
28:625-644. https://doi.org/10.1002/esp.471

Friedkin, J. F. (1945). A laboratory study of the meandering of alluvial rivers. United States Waterways
Experiment Station.

Fryirs, K. A., Brierley, G. J., Preston, N. J., & Spencer, J. (2007). Catchment-scale (dis) connectivity
in sediment flux in the upper Hunter catchment, New South Wales, Australia. Geomorphology,
84(3-4),297-316. https://doi.org/10.1016/j.geomorph.2006.01.044

Fryirs, K. (2013). (Dis) Connectivity in catchment sediment cascades: a fresh look at the sediment
delivery problem. Earth Surface Processes and Landforms, 38(1), 30-46.

Fryirs, K. A., Brierley, G. J. (2013). Geomorphic Analysis of River Systems: an Approach to Reading
the Landscape. Wiley-Blackwell.

Garcia-Ruiz, J. M., Lasanta, T., Ruiz-Flano, P., Ortigosa, L., White, S., Gonzalez, C., & Marti, C.
(1996). Land-use changes and sustainable development in mountain areas: a case study in the
Spanish Pyrenees. Landscape Ecology, 11, 267-277. https://doi.org/10.1007/BF02059854

Gautier, E., Brunstein, D., Vauchel, P., Jouanneau, J., Roulet, M., Garcia, C., Guyot, J., Castro, M.
(2010). Channel and floodplain sediment dynamics in a reach of the tropical meandering Rio Beni
(Bolivian ~ Amazonia). Earth  Surface Processes and Landforms 35:1838-1853.
https://doi.org/10.1002/esp.2065

68


https://doi.org/10.1002/esp.5509
https://doi.org/10.1111/geoa.12063
https://doi.org/10.1111/geoa.12063
https://doi.org/10.1111/geoa.12063
https://doi.org/10.1016/j.geomorph.2015.06.038
https://doi.org/10.1016/j.hal.2022.102235
https://doi.org/10.3390/rs5126382
https://doi.org/10.1029/2003WR001965
https://doi.org/10.1002/esp.471
https://doi.org/10.1016/j.geomorph.2006.01.044
https://doi.org/10.1002/esp.2065

References

Getahun, Y. S., Li, M. H., & Pun, L. F. (2021). Trend and change-point detection analyses of rainfall
and temperature over the Awash River basin of Ethiopia. Heliyon, 7(9). DOI:
10.1016/j.heliyon.2021.08024

Gohari, A., Shahrood, A. J., Ghadimi, S., Alborz, M., Patro, E. R., Kl6ve, B., & Haghighi, A. T. (2022).
A century of variations in extreme flow across Finnish rivers. Environmental Research Letters,
17(12), 124027. 10.1088/1748-9326/aca554

Gordeev, V. V. (2006). Fluvial sediment flux to the Arctic Ocean. Geomorphology, 80(1-2), 94-104.
https://doi.org/10.1016/j.geomorph.2005.09.008

Gtlineralp, 1., Marston, R. (2012). Process-form linkages in meander morphodynamics. Progress in
Physical Geography 36:6. https://doi.org/10.1177/0309133312451989

Hamed, K. H., & Rao, A. R. (1998). A modified Mann-Kendall trend test for autocorrelated data.
Journal of hydrology, 204(1-4), 182-196. https://doi.org/10.1016/S0022-1694(97)00125-X

Hauer, C., Leitner, P., Unfer, G., Pulg, U., Habersack, H., & Graf, W. (2018). The role of sediment and
sediment dynamics in the aquatic environment. Riverine ecosystem management: Science for
governing towards a sustainable future, 151-169. https://doi.org/10.1007/978-3-319-73250-3

Heckmann, T., Cavalli, M., Cerdan, O., Foerster, S., Javaux, M., Lode, E., ... & Brardinoni, F. (2018).
Indices of sediment connectivity: opportunities, challenges and limitations. Earth-Science
Reviews, 187, 77-108. https://doi.org/10.1016/j.carscirev.2018.08.004

Heckmann, T., & Vericat, D. (2018). Computing spatially distributed sediment delivery ratios: Inferring
functional sediment connectivity from repeat high-resolution digital elevation models. Earth
surface processes and landforms, 43(7), 1547-1554. https://doi.org/10.1002/esp.4334

Helley, E. J., & Smith, W. (1971). Development and calibration of a pressure-difference bedload
sampler. US Department of the Interior, Geological Survey, Water Resources Division.

Hickin, E. J., & Nanson, G. C. (1984). Lateral migration rates of river bends. Journal of hydraulic
engineering, 110(11), 1557-1567. https://doi.org/10.1061/(ASCE)0733-9429(1984)110:11(15
Hjulstrom, F. (1935). Studies of the morphological activity of rivers as illustrated by the River Fyris.

Upplasa. Bulletin of the Geological Institute of Uppsala 25:221-527.

Hodge, R. A., Sear, D. A., & Leyland, J. (2013). Spatial variations in surface sediment structure in
riffle-pool sequences: a preliminary test of the Differential Sediment Entrainment Hypothesis
(DSEH). Earth surface processes and landforms, 38(5), 449-465. https://doi.org/10.1002/esp.3290

Hodskinson A, Ferguson RI. (1998). Numerical modelling of separated flow in river bends: Model
testing and experimental investigation of geometric controls on the extent of flow separation at
concave bank. Hydrological processes 12: 1323-1338.

Hooke, J. M. (1980). Magnitude and distribution of rates of river bank erosion. Earth surface processes,
5(2), 143-157. https://doi.org/10.1002/esp.3760050205

Hohenthal, J., Alho, P., Hyypp4, J., & Hyyppé, H. (2011). Laser scanning applications in fluvial studies.
Progress in Physical Geography, 35(6), 782-809. https://doi.org/10.1177/03091333114146

Hooke, J. M. (1984). Changes in river meanders: a review of techniques and results of analyses.
Progress in Physical Geography: Earth and Environment 8:473-508.
https://doi.org/10.1177/030913338400800401

Hooke, J. M. (1995). Processes of channel planform change on meandering channels in the UK.
Changing river channels, 87-115.

Hooke, J. M. (2003a). River meander behavior and instability: a framework for analysis. Transactions
of the Institute of British Geographers 28:238-253. https://doi.org/10.1111/1475-5661.00089
Hooke, J. M. (2003b). Coarse sediment connectivity in river channel systems: a conceptual framework

and methodology. Geomorphology 56:79-94. https://doi.org/10.1016/S0169-555X(03)00047-3

Hooke, J. M. (2007). Spatial variability, mechanisms and propagation of change in an active
meandering river. Geomorphology 84:277-296. https://doi.org/10.1016/j.geomorph.2006.06.005

Hooke, J. M., & Yorke, L. (2010). Rates, distributions and mechanisms of change in meander
morphology over decadal timescales, River Dane, UK. Earth Surface

69


https://doi.org/10.1016/j.heliyon.2021.e08024
https://doi.org/10.1016/j.geomorph.2005.09.008
https://doi.org/10.1177/0309133312451989
https://doi.org/10.1016/S0022-1694(97)00125-X
https://doi.org/10.1007/978-3-319-73250-3
https://doi.org/10.1016/j.earscirev.2018.08.004
https://doi.org/10.1002/esp.4334
https://doi.org/10.1061/(ASCE)0733-9429(1984)110:11(1557)
https://doi.org/10.1002/esp.3290
https://doi.org/10.1002/esp.3760050205
https://doi.org/10.1177/0309133311414605
https://doi.org/10.1177/030913338400800401
https://doi.org/10.1111/1475-5661.00089
https://doi.org/10.1016/S0169-555X(03)00047-3
https://doi.org/10.1016/j.geomorph.2006.06.005

Linnea Bléafield

Hooke, J., & Souza, J. (2021). Challenges of mapping, modelling and quantifying sediment connectivity.
Earth-Science Reviews, 223, 103847. https://doi.org/10.1016/j.earscirev.2021.103847

Hubbell, D. W., & Sayre, W. W. (1964). Sand transport studies with radioactive tracers. Journal of the
Hydraulics Division, 90(3), 39-68.https://doi.org/10.1061/JYCEAJ.000105

Ielpi, A., Lapotre, M. G., Finotello, A., & Roy-Léveillée, P. (2023). Large sinuous rivers are slowing
down in a warming Arctic. Nature Climate Change, 13(4), 375-381.
https://doi.org/10.1038/s41558-023-01620-9

Irannezhad, M., Ahmadian, S., Sadeqi, A., Minaei, M., Ahmadi, B., & Marttila, H. (2022). Peak Spring
Flood Discharge Magnitude and Timing in Natural Rivers across Northern Finland: Long-Term
Variability, Trends, and Links to Climate Teleconnections. Water, 14(8), 1312.
https://doi.org/10.3390/w14081312

Javernick, L., Hicks, D. M., Measures, R., Caruso, B., Brasington, J. (2015). Numerical modelling of
braided rivers with structure-from-motion —Derived terrain models. River Research and
Applications 32:1071-1081. https://doi.org/10.1002/rra.2918

Ji, Z. G. (2017). Hydrodynamics and water quality: modeling rivers, lakes, and estuaries. John Wiley
& Sons.

Kastdalen, L., Stickler, M., Malmquist, C., & Heggenes, J. (2024). Evaluating methods for measuring
in-river bathymetry: Remote sensing green LIDAR provides high-resolution channel bed
topography limited by water penetration capability. River Research and Applications, 40(4), 467-
482.

Kasvi, E., Alho, P., Vaaja, M., Hyyppéd, H., Hyypp4, J. (2013). Spatial and temporal distribution of
fluvio-morphological processes on a meander point bar during a flood event. Hydrology Research
44:1022-1039. https://doi.org/10.2166/nh.2013.091

Kasvi, E., Alho, P., Lotsari, E., Wang, Y., Kukko, A., Hyypp4, H., Hyypp4, J. (2014). Two- dimensional
and three-dimensional computational models in hydrodynamic and morphodynamic
reconstructions of a river bend: sensitivity and functionality. Hydrological Processes 29:1604-
1629. https://doi.org/10.1002/hyp.10277

Kasvi, E., Vaaja, M., Kaartinen, H., Kukko, A., Jaakkola, A., Flener, C., Hyypp4, H., Hyypp4, J., Alho,
P. (2015). Sub-bend scale flow—sediment interaction of meander bends—A combined approach of
field observations, close-range remote sensing and computational modelling. Geomorphology
238:119-134. https://doi.org/10.1016/j.geomorph.2015.01.039

Kasvi, E., Salmela, J., Lotsari, E., Kumpula, T., Lane, S. N. (2019). Comparison of remote sensing
based approaches for mapping geomorphology of shallow, clear water rivers. Geomorphology
333:180-197.

Keesstra, S., Nunes, J. P., Saco, P., Parsons, T., Poeppl, R., Masselink, R., & Cerda, A. (2018). The
way forward: Can connectivity be useful to design better measuring and modelling schemes for
water and sediment dynamics?. Science of the Total Environment, 644, 1557-1572.
https://doi.org/10.1016/j.scitotenv.2018.06.34

Kemp, P., Sear, D., Collins, A., Naden, P., & Jones, 1. (2011). The impacts of fine sediment on riverine
fish. Hydrological processes, 25(11), 1800-1821. https://doi.org/10.1002/hyp.7940

Knighton, D. (2014). Fluvial forms and processes: a new perspective. Routledge.

Kociuba, W., Janicki, G., Siwek, K., & Gluza, A. (2012). Bedload transport as an indicator of
contemporary transformations of arctic fluvial systems. Monitoring Simulation Prevention and
Remediation of Dense and Debris Flows IV; WIT Press: Boston, MA, USA, 125-135. DOI:
10.2495/DEBI120111

Korhonen, J., & Kuusisto, E. (2010). Long-term changes in the discharge regime in Finland. Hydrology
Research, 41(3-4),253-268. https://doi.org/10.2166/nh.2010.112

Koutaniemi, L. (1979). Late-glacial and post-glacial development of the valleys Oulanka river basin,
north-eastern Finland. Fennia-International Journal of Geography, 157(1), 13-73.

Koutaniemi, L. (1984). The role of ground frost, snow cover, ice break-up and flooding in the fluvial
processes of the Oulanka river, NE Finland. Fennia-International Journal of Geography, 162(2).

70


https://doi.org/10.1016/j.earscirev.2021.103847
https://doi.org/10.1061/JYCEAJ.000105
https://doi.org/10.1038/s41558-023-01620-9
https://doi.org/10.3390/w14081312
https://doi.org/10.1002/rra.2918
https://doi.org/10.2166/nh.2013.091
https://doi.org/10.1002/hyp.10277
https://doi.org/10.1016/j.geomorph.2015.01.039
https://doi.org/10.1016/j.scitotenv.2018.06.342
https://doi.org/10.1002/hyp.7940
https://doi.org/10.2166/nh.2010.112

References

Koutaniemi, L. (1987). Little ice age flooding in the Ivalojoki and Oulankajoki valleys, Finland?.
Geografiska Annaler: Series A, Physical Geography, 69(1), 71-83.

Koutaniemi, L. (2000). Meanderointi ja sen yhdentoista vuoden seuranta Oulankajoella Kuusamossa.
Terra, 112(4).

Kéamdri, M., Alho, P., Veijalainen, N., Aaltonen, J., Huokuna, M., & Lotsari, E. (2015). River ice cover
influence on sediment transportation at present and under projected hydroclimatic conditions.
Hydrological Processes, 29(22), 4738-4755. https://doi.org/10.1002/hyp.10522

Karkkdinen, M., & Lotsari, E. (2022). Impacts of rising, peak and receding phases of discharge events
on erosion potential of a boreal meandering river. Hydrological Processes, 36(10), e14674.
https://doi.org/10.1002/hyp.14674

Lamoureux, S. (2000). Five centuries of interannual sediment yield and rainfall-induced erosion in the
Canadian High Arctic recorded in lacustrine varves. Water Resources Research, 36(1), 309-318.
https://doi.org/10.1029/1999WR900271

Lane, E. W. (1937). Stable channels in erodible material. Transactions of the American Society of Civil
Engineers, 102(1), 123-142. https://doi.org/10.1061/TACEAT.0004841

Lane, S. N., Richards, K. S., & Chandler, J. H. (1996). Discharge and sediment supply controls on
erosion and deposition in a dynamic alluvial channel. Geomorphology, 15(1), 1-15.
https://doi.org/10.1016/0169-555X(95)00113-J

Lane, S. N., Bradbrook, K. F., Richards, K. S., Biron, P. A., & Roy, A. G. (1999). The application of
computational fluid dynamics to natural river channels: three-dimensional versus two-dimensional
approaches. Geomorphology, 29(1-2), 1-20. https://doi.org/10.1016/S0169-555X(99)00003-3

Lane, S. N., & Ferguson, R. 1. (2005). Modelling reach-scale fluvial flows. Computational fluid
dynamics: applications in environmental hydraulics, 215-269. DOI:10.1002/0470015195

Langendoen, E. J., Richard Lowrance, R., & Simon, A. (2009). Assessing the impact of riparian
processes on streambank stability. Ecohydrology: Ecosystems, Land and Water Process
Interactions, Ecohydrogeomorphology, 2(3), 360-369. https://doi.org/10.1002/eco0.78

Larkin, Z. T., Ralph, T. J., Tooth, S., & Duller, G. A. T. (2020). A shifting ‘river of sand’: The profound
response of Australia's Warrego River to Holocene hydroclimatic change. Geomorphology, 370,
107385. https://doi.org/10.1016/j.geomorph.2020.107385

Lecce, S. A., Pease, P. P., Gares, P. A., & Wang, J. (2006). Seasonal controls on sediment delivery in
a small coastal plain watershed, North Carolina, USA. Geomorphology, 73(3-4), 246-260.
https://doi.org/10.1016/j.geomorph.2005.05.017

Leopold, L. B., Wolman, M. G. (1960). River meanders. Geological Society of America Bulletin
71:769-794. https://doi.org/10.1130/0016-7606(1960)71[769:RM]2.0.CO;2

Leopold, L. B., & Emmett, W. W. (1976). Bedload measurements, East Fork River, Wyoming. Proceedings
of the National Academy of Sciences, 73(4), 1000-1004. https://doi.org/10.1073/pnas.73.4.1000

Leyland, J., Hackney, C. R., Darby, S. E., Parsons, D. R., Best, J. L., Nicholas, A. P., ... & Lague, D.
(2017). Extreme flood-driven fluvial bank erosion and sediment loads: direct process
measurements using integrated Mobile Laser Scanning (MLS) and hydro-acoustic techniques.
Earth Surface Processes and Landforms, 42(2), 334-346. https://doi.org/10.1002/esp.4078

Li, Z., Wu, X., Gao, P. (2019). Experimental study on the process of neck cutoff and channel adjustment
in a highly sinuous meander under constant discharges. Geomorphology 327:215-229.
https://doi.org/10.1016/j.geomorph.2018.11.002

Liang, X., Kukko, A., Balenovi¢, 1., Saarinen, N., Junttila, S., Kankare, V., ... & Hyyppi, J. (2022).
Close-Range Remote Sensing of Forests: The state of the art, challenges, and opportunities for
systems and data acquisitions. IEEE geoscience and remote sensing magazine, 10(3), 32-71. doi:
10.1109/MGRS.2022.3168135

Lintunen, K., Kasvi, E., Uvo, C. B., & Alho, P. (2024). Changes in the discharge regime of Finnish rivers.
Journal of Hydrology: Regional Studies, 53, 101749. https://doi.org/10.1016/j.¢jrh.2024.101749

71


https://doi.org/10.1002/hyp.10522
https://doi.org/10.1002/hyp.14674
https://doi.org/10.1029/1999WR900271
https://doi.org/10.1061/TACEAT.0004841
https://doi.org/10.1016/0169-555X(95)00113-J
https://doi.org/10.1016/S0169-555X(99)00003-3
https://doi.org/10.1002/eco.78
https://doi.org/10.1016/j.geomorph.2020.107385
https://doi.org/10.1016/j.geomorph.2005.05.017
https://doi.org/10.1130/0016-7606(1960)71%5b769:RM%5d2.0.CO;2
https://doi.org/10.1073/pnas.73.4.1000
https://doi.org/10.1002/esp.4078
https://doi.org/10.1016/j.geomorph.2018.11.002
https://doi.org/10.1016/j.ejrh.2024.101749

Linnea Bléafield

Liu, D., Valyrakis, M., & Williams, R. (2017). Flow hydrodynamics across open channel flows with
riparian  zones:  Implications  for  riverbank  stability. =~ Water, 9(9), 720.
https://doi.org/10.3390/w9090720

Lotsari, E., Veijalainen, N., Alho, P., & Kéyhkd, J. (2010). Impact of climate change on future discharges
and flow characteristics of the Tana River, sub-arctic northern Fennoscandia. Geografiska Annaler:
Series A, Physical Geography,92(2),263-284.https://doi.org/10.1111/1.14680459.2010.00394.x

Lotsari, E., Wainwright, D., Comner, G. D., Alho, P., Kdyhkd, J. (2014a). Surveyed and modelled one-
year morphodynamics in the braided lower Tana River. Hydrological Processes 28:2685-2716.

Lotsari, E., Vaaja, M., Flener, C., Kaartinen, H., Kukko, A., Kasvi, E., Hyypp4, H., Hyypp4, J., Alho,
P. (2014b). Annual bank and point bar morphodynamics of a meandering river determined by high-
accuracy multitemporal laser scanning and flow data. Water Resources Research 50:5532-5559.
https://doi.org/10.1002/2013WR014106

Lotsari, E., Tarsa, T., Ké&méri, M., Alho, P., Kasvi, E. (2019). Spatial variation of flow characteristics
in a subarctic meandering river in ice-covered and open-channel conditions: A 2D hydrodynamic
modelling  approach. Earth  Surface Processes and Landforms  44:1509-1529.
https://doi.org/10.1002/esp.4589

Lotsari, E., Dietze, M., Kdmiri, M., Alho, P., Kasvi, E. (2020). Macro-Turbulent Flow and Its Impacts
on Sediment transport Ppotential of a Sub-arctic River during Ice-covered and Open-channel
conditions. Water 12:7. https://doi.org/10.3390/w12071874

Lotsari, E., de Vet, M., Murphy, B., McLelland, S., & Parsons, D. (2024). Defrosting river banks:
morphodynamics and sediment flux (No. EGU24-10175). Copernicus Meetings.
https://doi.org/10.5194/egusphere-egu24-10175

Ma, L., Ingham, D. B., Pourkashanian, M., & Carcadea, E. (2005). Review of the computational fluid
dynamics modeling of fuel cells. https://doi.org/10.1115/1.2039958

Macdonald, R. W., Kuzyk, Z. Z. A., & Johannessen, S. C. (2015). The vulnerability of Arctic shelf
sediments to climate change. Environmental Reviews, 23(4), 461-479. https://doi.org/10.1139/er-
2015-0040

Mann, H. B. (1945). Nonparametric tests against trend. Econometrica: Journal of the econometric
society, 245-259. https://doi.org/10.2307/1907187

Mansikkaniemi, H. (1967). Geomorphological Analysis of Pulmanki-Tana Valley in Lapland. Instituti
Geographici Universitatis Turkuensis.

Mansikkaniemi, H., & Miki, O. P. (1990). Paleochannels and recent changes in the Pulmankijoki
valley, northern Lapland. Fennia-International Journal of Geography, 168(2), 137-152. Retrieved
from https://fennia.journal.fi/article/view/8854

Marthinussen, M. (1960). Coast and fjord area of Finnmark. Geology of Norway 208:416-429.

Marthinussen, M. (1962). C14-Datings Referring to Shore Lines, Transgressions, and Glacial Substages
in Northern Norway. (A supplement to papers of 1960 and 1961 by the author).

McDonald, D. M., & Lamoureux, S. F. (2009). Hydroclimatic and channel snowpack controls over
suspended sediment and grain size transport in a High Arctic catchment. Earth Surface Processes
and Landforms, 34(3), 424-436. https://doi.org/10.1002/esp.1751

Merio, L. J., Ala-aho, P., Linjama, J., Hjort, J., Kleve, B., & Marttila, H. (2019). Snow to precipitation
ratio controls catchment storage and summer flows in boreal headwater catchments. Water
Resources Research, 55(5), 4096-4109. https://doi.org/10.1029/2018WR02303 1

Meyer-Peter, E. (1948). Formulas for bed-load transport. IAHR.

Micheletti, N., Chandler, J., & Lane, S. (2013, April). Near instantaneous production of digital terrain
models in the field using smartphone and Structure-from-Motion photogrammetry. In EGU
General Assembly Conference Abstracts (pp. EGU2013-10501). 2013EGUGA..1510501M

Milan, D., Heritage, G., Entwistle, N., & Tooth, S. (2018). Morphodynamic simulation of sediment
deposition patterns on a recently stripped bedrock anastomosed channel. Proceedings of the
International Association of Hydrological Sciences, 377, 51-56. https://doi.org/10.5194/piahs-377-
51-2018

72


https://doi.org/10.3390/w9090720
https://doi.org/10.1111/j.14680459.2010.00394.x
https://doi.org/10.1002/2013WR014106
https://doi.org/10.1002/esp.4589
https://doi.org/10.3390/w12071874
https://doi.org/10.1115/1.2039958
https://doi.org/10.1139/er-2015-0040
https://doi.org/10.1139/er-2015-0040
https://doi.org/10.2307/1907187
https://doi.org/10.1002/esp.1751
https://doi.org/10.1029/2018WR023031
https://doi.org/10.5194/piahs-377-51-2018
https://doi.org/10.5194/piahs-377-51-2018

References

Moragoda, N., & Cohen, S. (2020). Climate-induced trends in global riverine water discharge and
suspended sediment dynamics in the 21st century. Global and Planetary Change, 191, 103199.
https://doi.org/10.1016/j.gloplacha.2020.103199

Muhammad, N., Adnan, M. S., Mohd Yosuff, M. A., & Ahmad, K. A. (2019). A review of field methods
for suspended and bedload sediment measurement. World Journal of Engineering, 16(1), 147-165.
https://doi.org/10.1108/WJE-07-2018-0226

Najafi, S., Dragovich, D., Heckmann, T., & Sadeghi, S. H. (2021). Sediment connectivity concepts and
approaches. Catena, 196, 104880.https://doi.org/10.1016/j.catena.2020.104880

Micheletti, N., Chandler, J. H., Lane, S. (2015). Structure From Motion (SFM) Photogrammetry.
Geomorphological Techniques. British Society for Geomorphology. 2047-0371

Nicholas, A. P. (2000). Modelling bed load yield in braided gravel bed rivers. Geomorphology 36:89-
106. https://doi.org/10.1016/S0169-555X(00)00050-7

Nicholas, A. P. (2003). Investigation of spatially distributed braided river flows using a two-
dimensional hydraulic model. Earth Surface Processes and Landforms 28:655-674.
https://doi.org/10.1002/esp.491

Nicholas, A. P. (2013). Modelling the continuum of river channel patterns. Earth Surface Processes and
Landforms 38:1187-1196. https://doi.org/10.1002/esp.3431 Nicoll, T. J., & Hickin, E. J. (2010).
Planform geometry and channel migration of confined meandering rivers on the Canadian prairies.
Geomorphology, 116(1-2), 37-47. https://doi.org/10.1016/j.geomorph.2009.10.005

Nicholas, A. P., Ashworth, P. J., Sambrook Smith, G. H., & Sandbach, S. D. (2013). Numerical
simulation of bar and island morphodynamics in anabranching megarivers. Journal of Geophysical
Research: Earth Surface, 118(4), 2019-2044. https://doi.org/10.1002/jgrf.20132

Nicoll, T., & Brierley, G. (2017). Within-catchment variability in landscape connectivity measures in
the Garang catchment, upper Yellow River. Geomorphology, 277, 197-209.
https://doi.org/10.1016/j.geomorph.2016.03.014

Nikulin, G., Kjellstro™ M, E., Hansson, U. L. F., Strandberg, G., & Ullerstig, A. (2011). Evaluation and
future projections of temperature, precipitation and wind extremes over Europe in an ensemble of
regional climate simulations. Tellus A: Dynamic Meteorology and Oceanography, 63(1), 41-55.
https://doi.org/10.1111/j.1600-0870.2010.00466.x

Ogden, R., Reid, M., & Thoms, M. (2007). Soil fertility in a large dryland floodplain: Patterns,
processes and the implications of water resource development. Catena, 70(2), 114-126.
https://doi.org/10.1016/j.catena.2006.08.004

Pajunen, V., Lotsari, E., Véliméki, J. M., Wolff, F., Karkkdinen, M., Bléfield, L., & Eltner, A. (2024).
The impacts of low flow, ice-cover and ice thickness on sediment load in a sub-arctic river—
Modelling sediment transport with particle image velocimetry calibration data sets. Earth Surface
Processes and Landforms, 49(6), 1954-1968. https://doi.org/10.1002/esp.5809

Pettitt, A. N. (1979). A non-parametric approach to the change-point problem.

Journal of the Royal Statistical Society: Series C (Applie Statistics), 28(2), 126-135.
https://doi.org/10.2307/2346729

Pinto, L., Fortunato, A. B., Freire, P. (2006). Sensitivity analysis of non-cohesive sediment transport
formulae. Continental Shelf Research 26:1826-1839. https://doi.org/10.1016/j.csr.2006.06.001

Pirinen, P., Simola, H., Aalto, J., Kaukoranta, J-P., Karlsson, P., Ruuhela, R. 2012. Tilastoja Suomen
ilmastosta 1981-2010. (Climatological statistics of Finland 1981-2010) Ilmatieteen laitos,
Helsinki. Ilmatieteen laitoksen raportteja 2012:1. 83 s.Poeppl, R. E., Keesstra, S. D., & Maroulis,
J. (2017). A conceptual connectivity framework for understanding geomorphic change in human-
impacted fluvial systems. Geomorphology, 277, 237-250.

Poeppl, R. E., Keesstra, S. D., & Maroulis, J. (2017). A conceptual connectivity framework for
understanding geomorphic change in human-impacted fluvial systems. Geomorphology, 277, 237-
250. https://doi.org/10.1016/j.geomorph.2016.07.033

73


https://doi.org/10.1016/j.gloplacha.2020.103199
https://doi.org/10.1108/WJE-07-2018-0226
https://doi.org/10.1016/j.catena.2020.104880
https://doi.org/10.1016/S0169-555X(00)00050-7
https://doi.org/10.1002/esp.491
https://doi.org/10.1016/j.geomorph.2009.10.005
https://doi.org/10.1002/jgrf.20132
https://doi.org/10.1016/j.geomorph.2016.03.014
https://doi.org/10.1111/j.1600-0870.2010.00466.x
https://doi.org/10.1016/j.catena.2006.08.004
https://doi.org/10.1002/esp.5809
https://doi.org/10.1016/j.csr.2006.06.001
https://doi.org/10.1016/j.geomorph.2016.07.033

Linnea Bléafield

Poeppl, R. E., Fryirs, K. A., Tunnicliffe, J., & Brierley, G. J. (2020). Managing sediment (dis)
connectivity in fluvial systems. Science of the Total Environment, 736, 139627.
https://doi.org/10.1016/j.scitotenv.2020.139627

Pulliainen, J., Luojus, K., Derksen, C., Mudryk, L., Lemmetyinen, J., Salminen, M., ... & Norberg, J.
(2020). Patterns and trends of Northern Hemisphere snow mass from 1980 to 2018. Nature,
581(7808), 294-298. https://doi.org/10.1038/541586-020-2258-0

Pyrce, R. S., & Ashmore, P. E. (2005). Bedload path length and point bar development in gravel-bed
river models. Sedimentology, 52(4), 839-857. https://doi.org/10.1111/5.1365-3091.2005.00714.x

Qin, J., Ding, Y., & Han, T. (2020). Quantitative assessment of winter baseflow variations and their
causes in Eurasia over the past 100 years. Cold Regions Science and Technology, 172, 102989.
https://doi.org/10.1016/j.coldregions.2020.102989

Rantanen, M., Karpechko, A.Y., Lipponen, A., Nordling, K., Hyvérinen, O., Ruosteenoja, K. Vihma,
T., Laaksonen, A. (2022). The Arctic has warmed nearly four times faster than the globe since
1979. Commun Earth Environ 3, 168. https://doi.org/10.1038/543247-022-00498-3

Richards, K. (1999). The magnitude-frequency concept in fluvial geomorphology: a component of a
degenerating research programme?. Zeitschrift flir Geomorphologie Supplement Volumes 115:1-
18 Zeitschrift fiir Geomorphologie Suppl-Bd 115:1-18.

Rickenmann, D. (2017). Bedload transport measurements with geophones, hydrophones, and
underwater microphones (passive acoustic methods). Gravel-bed rivers: Processes and disasters,
185-208. https://doi.org/10.1002/9781118971437.ch7

Roberts, J., Jepsen, R., & Gailani, J. (2004). Measurements of bedload and suspended load in cohesive
and non-cohesive sediments. In Bridging the Gap: Meeting the World's Water and Environmental
Resources Challenges (pp. 1-13).

Robert, A. (2014). River processes: an introduction to fluvial dynamics. Routledge.

Rodriguez, J. F., & Garcia, M. H. (2000). Bank erosion in meandering rivers. In Building Partnerships
(pp. 1-9). https://doi.org/10.1061/40517(2000)33

Rousseau, Y. Y., Van de Wiel, M. J., & Biron, P. M. (2017). Simulating bank erosion over an extended
natural sinuous river reach using a universal slope stability algorithm coupled with a morphodynamic
model. Geomorphology, 295, 690-704. https://doi.org/10.1016/j.geomorph.2017.08.008

Salarijazi, M., Akhond-Ali, A. M., Adib, A., & Daneshkhah, A. (2012). Trend and change-point
detection for the annual stream-flow series of the Karun River at the Ahvaz hydrometric station.
African Journal of Agricultural Research, 7(32), 4540-4552. DOI: 10.5897/AJAR12.650

Salmela, J., Kasvi, E., Vaaja, M-T., Kaartinen, H., Kukko, A., Jaakkola A., Alho,P. (2020).
Morphological changes and riftle-pool dynamics related to flow in a meandering river channel
based on a 5-year monitoring period using close-range remote sensing, Geomorphology, Volume
352, https://doi.org/10.1016/j.geomorph.2019.106982.

Schook, D. M., Rathburn, S. L., Friedman, J. M., & Wolf, J. M. (2017). A 184-year record of river
meander migration from tree rings, aerial imagery, and cross sections. Geomorphology, 293, 227-
239. https://doi.org/10.1016/j.geomorph.2017.06.001

Schumm, S. A. (2007). River variability and complexity. Cambridge University Press.

Schuurman, F., Marra, W. A., Kleinhans, M. G. (2013). Physics-based modeling of large braided sand-
bed rivers: bar pattern formation, dynamics, and sensitivity. Journal of Geophysical Research:
Earth Surface 118:2509-2527.

Sen, P. K. (1968). Estimates of the regression coefficient based on Kendall's tau. Journal of the
American statistical association, 63(324), 1379-1389. DOI: 10.1080/01621459.1968.10480934

Shaheed, R., Mohammadian, A., & Yan, X. (2021). A review of numerical simulations of secondary
flows in river bends. Water, 13(7), 884. https://doi.org/10.3390/w13070884

Simmons, S. M., Parsons, D. R., Best, J. L., Orfeo, O., Lane, S. N., Kostaschuk, R., ... &
Pocwiardowski, P. (2010). Monitoring suspended sediment dynamics using MBES. Journal of
Hydraulic Engineering, 136(1), 45-49. https://doi.org/10.1061/(ASCE)HY.1943-7900.0000110

74


https://doi.org/10.1016/j.scitotenv.2020.139627
https://doi.org/10.1111/j.1365-3091.2005.00714.x
https://doi.org/10.1016/j.coldregions.2020.102989
https://doi.org/10.1038/s43247-022-00498-3
https://doi.org/10.1002/9781118971437.ch7
https://doi.org/10.1061/40517(2000)331
https://doi.org/10.1016/j.geomorph.2017.08.008
https://doi.org/10.1016/j.geomorph.2019.106982
https://doi.org/10.1016/j.geomorph.2017.06.001
https://doi.org/10.1080/01621459.1968.10480934
https://doi.org/10.3390/w13070884
https://doi.org/10.1061/(ASCE)HY.1943-7900.0000110

References

Simmons, S. M., Parsons, D. R., Best, J. L., Oberg, K. A., Czuba, J. A., & Keevil, G. M. (2017). An
evaluation of the use of a multibeam echo-sounder for observations of suspended sediment.
Applied Acoustics, 126, 81-90. https://doi.org/10.1016/j.apacoust.2017.05.004

Sippel, S., Meinshausen, N., Fischer, E.M. et al., Climate change now detectable from any single day
of weather at global scale. Nat. Clim. Chang. 10, 35-41 (2020). https://doi.org/10.1038/s41558-
019-0666-7

Son, M. (2009). Flocculation and transport of cohesive sediment. University of Florida.

Spearman C. (1906) ‘Footrule’ for measuring correlation. British Journal of Psychology, 2, 89—108

Stall, J. B. (1972). Effects of sediment on water quality. Journal of Environmental Quality, 1(4), 353-
360. https://doi.org/10.2134/jeq1972.00472425000100040004x

St. Jacques, J. M., & Sauchyn, D. J. (2009). Increasing winter baseflow and mean annual streamflow
from possible permafrost thawing in the Northwest Territories, Canada. Geophysical Research
Letters, 36(1).

Syvitski 2002, Sediment discharge variability in Arctic rivers: implications for a warmer future. Polar
Research 21(2), 323-330.https://doi.org/10.3402/polar.v21i2.6494

Syvitski, J., Angel, J. R., Saito, Y., Overeem, 1., Vorosmarty, C. J., Wang, H., & Olago, D. (2022).
Earth’s sediment cycle during the Anthropocene. Nature Reviews Earth & Environment, 3(3), 179-
196. https://doi.org/10.1038/s43017-021-00253-w

Tananaev, N., & Lotsari, E. (2022). Defrosting northern catchments: Fluvial effects of permafrost
degradation. Earth-Science Reviews, 228, 103996. https://doi.org/10.1016/j.earscirev.2022.103996

Thompson, A. (1986). Secondary flows and the pool-riffle unit: a case study of the processes of
meander  development. Earth  Surface  Processes and Landforms  11:631-641.
https://doi.org/10.1002/esp.3290110606

Thompson, C. J., Fryirs, K., & Croke, J. (2016). The disconnected sediment conveyor belt: Patterns of
longitudinal and lateral erosion and deposition during a catastrophic flood in the Lockyer Valley,
South East Queensland, Australia. River Research and Applications, 32(4), 540-551.
https://doi.org/10.1002/rra.2897

Turnbull, L., Hiitt, M. T., Ioannides, A. A., Kininmonth, S., Poeppl, R., Tockner, K., ... & Parsons, A.
J. (2018). Connectivity and complex systems: learning from a multi-disciplinary perspective.
Applied Network Science, 3, 1-49. https://doi.org/10.1007/s41109-018-0067-2

Vaaja M, Hyyppa J, Kukko A, Kaartinen H, Hyyppéd H, Alho P. Mapping Topography Changes and
Elevation Accuracies Using a Mobile Laser Scanner. Remote Sensing. 2011; 3(3):587-600.
https://doi.org/10.3390/rs3030587°

Vanoni, V. A. (Ed.). (2006, March). Sedimentation engineering. American Society of Civil Engineers.

Van Rijn, L. C. (1984). Sediment transport, part I: bed load transport. Journal of hydraulic engineering,
110(10), 1431-1456.

van Rijn, L. C. (1993). Principles of Sediment Transport in Rivers, Estuaries and Coastal Seas. Aqua
Publications: The Netherlands. https://doi.org/10.1016/j.geomorph.2014.01.018

van Rooijen, E., & Lotsari, E. (2024). The spatiotemporal distribution of river bank erosion events and
their  drivers in  seasonally frozen regions. = Geomorphology, 454, 109140.
https://doi.org/10.1016/j.geomorph.2024.109140

Veijalainen, N., Lotsari, E., Alho, P., Vehvildinen, B., Kdyhko, J., 2010. National scale assessment of
climate change impacts on flooding in Finland. J Hydrol (Amst) 391, 333-350.
https://doi.org/10.1016/j.jhydrol.2010.07.035

Vericat, D., Wheaton, J. M., & Brasington, J. (2017). Revisiting the morphological approach:
Opportunities and challenges with repeat high-resolution topography. Gravel-bed rivers: Processes
and disasters, 121-158. https://doi.org/10.1002/9781118971437.ch5

Vetter, T. (2011). Riffle-pool morphometry and stage-dependant morphodynamics of a large floodplain
river (Vereinigte Mulde, Sachsen-Anhalt, Germany). Earth surface processes and landforms,
36(12), 1647-1657. https://doi.org/10.1002/esp.2181

75


https://doi.org/10.1016/j.apacoust.2017.05.004
https://doi.org/10.1038/s41558-019-0666-7
https://doi.org/10.1038/s41558-019-0666-7
https://doi.org/10.2134/jeq1972.00472425000100040004x
https://doi.org/10.3402/polar.v21i2.6494
https://doi.org/10.1038/s43017-021-00253-w
https://doi.org/10.1016/j.earscirev.2022.103996
https://doi.org/10.1002/esp.3290110606
https://doi.org/10.1002/rra.2897
https://doi.org/10.3390/rs3030587
https://doi.org/10.1016/j.geomorph.2014.01.018
https://doi.org/10.1016/j.geomorph.2024.109140
https://doi.org/10.1016/j.jhydrol.2010.07.035
https://doi.org/10.1002/9781118971437.ch5
https://doi.org/10.1002/esp.2181

Linnea Bléafield

Walling, D. E. (2009). The impact of global change on erosion and sediment transport by rivers: current
progress and future challenges.

Wainwright, J., Parsons, A. J., Cooper, J. R., Gao, P., Gillies, J. A., Mao, L., ... & Knight, P. G. (2015).
The concept of transport capacity in geomorphology. Reviews of Geophysics, 53(4), 1155-1202.
https://doi.org/10.1002/2014RG000474

Wang, J., Chu, A., Dai, Z., & Nienhuis, J. (2024). Delft3D model-based estuarine suspended sediment
budget with morphodynamic changes of the channel-shoal complex in a mega fluvial-tidal delta.
Engineering  Applications of Computational Fluid Mechanics, 18(1), 2300763.
https://doi.org/10.1080/19942060.2023.2300763

Wentworth, C. K. (1922). A scale of grade and class terms for clastic sediments. Journal of Geology
30:377-392.Williams, R. D., Brasington, J., Hicks, M., Measures, R., Rennie, C. D., & Vericat, D.
(2013). Hydraulic validation of two-dimensional simulations of braided river flow with spatially
continuous aDcp data. Water Resources Research, 49(9), 5183-5205.

Williams, R. D., Measures, R., Hicks, D. M., Brasington, J. (2016a). Assessment of a numerical model
to reproduce event-scale erosion and deposition distributed in a braided river. Water Resources
Research 52:6621-6642. https://doi.org/10.1002/2015WR018491

Williams, R. D., Brasington, J., & Hicks, D. M. (2016b). Numerical modelling of braided river
morphodynamics: Review and future challenges. Geography Compass, 10(3), 102-127.
https://doi.org/10.1111/gec3.12260

Wohl, E. (2014). Time and the rivers flowing: Fluvial geomorphology since 1960. Geomorphology,
216, 263-282. https://doi.org/10.1016/j.geomorph.2014.04.012

Wohl, E. (2017). Connectivity in rivers. Progress in Physical Geography, 41(3), 345-362.
https://doi.org/10.1177/0309133317714972

Wyss, C. R. (2016). Sediment transport measurements with geophone sensors (Doctoral dissertation,
ETH Zurich).

Xu, J., Zhang, Y., Ma, Q., Zhang, J., Hu, Q., & Zhan, Y. (2025). Dam-Break Hazard Assessment with
CFD Computational Fluid Dynamics Modeling: The Tiangchi Dam Case Study. Water, 17(1), 108.
https://doi.org/10.3390/w17010108

Zawawi, M. H., Aziz, N. A., Radzi, M. R. M., Hassan, N. H., Ramli, M. Z., Zahari, N. M., ... & Muda,
Z. C. (2018, November). Computational fluid dynamic analysis at dam spillway due to different
gate openings. In AIP Conference Proceedings (Vol. 2030, No. 1). AIP Publishing.
https://doi.org/10.1063/1.5066886

Zhang, G., Yao, T., Xie, H., Yang, K., Zhu, L., Shum, C. K., ... & Ke, C. (2020). Response of Tibetan
Plateau lakes to climate change: Trends, patterns, and mechanisms. Earth-Science Reviews, 208,
103269 .https://doi.org/10.1016/j.earscirev.2020.103269

Zhang, T., Li, D., East, A. E., Walling, D. E., Lane, S., Overeem, L., ... & Lu, X. (2022). Warming-
driven erosion and sediment transport in cold regions. Nature Reviews Earth & Environment,
3(12), 832-851.

Zhang, T. et al, 2023. Shifted sediment-transport regimes by climate change and amplified
hydrological variability in cryosphere-fed rivers. Science Advances, 9(45): eadi5019.
DOI:doi:10.1126/sciadv.adiS01

76


https://doi.org/10.1002/2014RG000474
https://doi.org/10.1080/19942060.2023.2300763
https://doi.org/10.1002/2015WR018491
https://doi.org/10.1111/gec3.12260
https://doi.org/10.1016/j.geomorph.2014.04.012
https://doi.org/10.1177/0309133317714972
https://doi.org/10.3390/w17010108
https://doi.org/10.1063/1.5066886
https://doi.org/10.1016/j.earscirev.2020.103269




N2

TURUN
YLIOPISTO
UNIVERSITY
OF TURKU

Painosalama, Turku, Finland 2025

ISBN 978-952-02-0114-2 (PRINT)
ISBN 978-952-02-0115-9 (PDF)

ISSN 0082-6979 (Print)
ISSN 2343-3183 (Online)




	ABSTRACT
	TIIVISTELMÄ
	Table of Contents
	Abbreviations
	List of Original Publications
	1 Introduction
	2 Background
	2.1 Fluvial Dynamics and Sediment Transport
	2.2 Flow-sediment Interaction in Meandering Rivers: Bank Erosion and Migration
	2.3 Sediment Connectivity
	2.4 Hydroclimatic Shift Impact on Sediment Processes at High-latitudes
	2.5 Monitoring of Morphological Change and Sediment Transport Processes in Rivers
	2.6 Computational Modelling of Sediment Transport Processes

	3 Characteristics of the Study Areas
	3.1 Oulankajoki River
	3.2 Pulmankijoki River

	4 Materials and Methods
	4.1 Flow Characteristics
	4.1.1 Flow Conditions
	4.1.2 Hydrograph Generation and Flood Event Classification

	4.2 River Geometry
	4.2.1 UAV-based SfM
	4.2.2 Meander Characteristics
	4.2.3 Meander Migration Data

	4.3 Sediment and Bedload Sampling
	4.4 Meteorological Data
	4.5 Statistical Analyses
	4.6 Morphodynamic Modelling
	4.7 Sediment Connectivity and Budgeting

	5 Results and Discussion
	5.1 Spatiotemporal Variation of Sediment Connectivity and Morphological Response Drive Long-term Morphological Adjustment
	5.2 Hydroclimatic Change Significantly Alters the Sediment Transport and Morphological Processes in Boreal-subarctic Rivers
	5.3 Changing Sediment Transport Dynamics Underscore the Importance of Continuous Monitoring and Modelling

	6 Conclusions
	Acknowledgements
	References


 
 
    
   HistoryItem_V1
   TrimAndShift
        
     Range: all pages
     Trim: fix size 7.087 x 10.000 inches / 180.0 x 254.0 mm
     Shift: none
     Normalise (advanced option): 'original'
     Keep bleed margin: no
      

        
     D:20250331150433
      

        
     Shift
     -4
            
       D:20250331125357
       720.0000
       Blank
       510.2362
          

     Tall
     1
     0
     No
     1287
     1308
     QI2.9[QI 2.9/QHI 1.1]
     None
     Right
     3.2570
     -0.2835
            
                
         Both
         110
         AllDoc
         123
              

       CurrentAVDoc
          

     Uniform
     0.0000
     Top
      

        
     QITE_QuiteImposingPlus5
     Quite Imposing Plus 5.3k
     Quite Imposing Plus 5
     1
      

        
     130
     131
     130
     131
      

   1
  

    
   HistoryItem_V1
   InsertBlanks
        
     Where: before current page
     Number of pages: 2
     Page size: same as current
      

        
     D:20250401085052
      

        
     Blanks
     Always
     2
     1
            
       D:20250121134636
       34.0157
       Blank
       51.0236
          

     1
     Wide
     1561
     636
     0
     1
     qi3alphabase[QI 3.0/QHI 3.0 alpha]
     1
            
       CurrentAVDoc
          

     SameAsCur
     BeforeCur
      

        
     QITE_QuiteImposingPlus5
     Quite Imposing Plus 5.3k
     Quite Imposing Plus 5
     1
      

        
     0
     2
      

   1
  

    
   HistoryItem_V1
   InsertBlanks
        
     Where: after current page
     Number of pages: 1
     Page size: same as current
      

        
     D:20250401085121
      

        
     Blanks
     Always
     1
     1
            
       D:20250121134636
       34.0157
       Blank
       51.0236
          

     1
     Wide
     1561
     636
     0
     1
     qi3alphabase[QI 3.0/QHI 3.0 alpha]
     1
            
       CurrentAVDoc
          

     SameAsCur
     AfterCur
      

        
     QITE_QuiteImposingPlus5
     Quite Imposing Plus 5.3k
     Quite Imposing Plus 5
     1
      

        
     133
     1
      

   1
  

    
   HistoryItem_V1
   TrimAndShift
        
     Range: all pages
     Trim: fix size 6.929 x 9.843 inches / 176.0 x 250.0 mm
     Shift: none
     Normalise (advanced option): 'original'
     Keep bleed margin: no
      

        
     D:20250401085152
      

        
     Shift
     -4
            
       D:20231003151711
       708.6614
       B5
       Blank
       498.8976
          

     Tall
     1
     0
     No
     1287
     1308
    
     QI2.9[QI 2.9/QHI 1.1]
     None
     Right
     3.2570
     -0.2835
            
                
         Both
         110
         AllDoc
         123
              

       CurrentAVDoc
          

     Uniform
     0.0000
     Top
      

        
     QITE_QuiteImposingPlus5
     Quite Imposing Plus 5.3k
     Quite Imposing Plus 5
     1
      

        
     2
     134
     133
     134
      

   1
  

 HistoryList_V1
 qi2base





