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SUMMARY

If one is lucky enough to have the opportunity to follow a river from the source to the sea,
one could witness its sediments changing in size and shape.

The objective of this work is motivated by a somewhat naive, almost childish, question:
“Is it possible to pick up a stone from a river and determine, just by measuring its shape,
how far it has travelled?” Being able to answer this question reliably and accurately
would create valuable opportunities to improve our understanding of river systems, to
enhance restoration practices, infrastructure planning, and management, and to reduce
natural hazards. Accurately identifying sediment pathways based on an easily measurable
property would, for example, allow us to select which reaches in a network should be left
free to flow, since they convey most of the sediments, or which should be more protected
from erosion, since they represent major sediment sources.

This research provides three contributions to this overarching objective.

The first contribution concerns the measurement of sediment shape in the field. This is
often done by analysing images that are collected, placing the sediments sampled on a
contrasting background with their maximum projected area facing upwards. Field
conditions do not, however, allow control of the lighting, and shadows are often present.
In such conditions, the segmentation of individual pebbles is challenging using existing
automatic tools. Machine learning tools are available, but, to the best of our knowledge,
they still require the operator to manually refine the segmentation, making the process
operator-dependent. In this respect, an alternative fully automated method for pebble
segmentation was developed, which makes the data collection operation repeatable, even
in field lighting conditions, including shadows. The proposed algorithm allowed the
accurate segmentation of around 91% of the sampled particles, which had a minimum
intermediate dimension of 12 mm. Two models were used to estimate the shape
parameters of the obtained 2D outlines. The results show that the impact of such models
on the overall error of shape estimates is comparable to that of the segmentation method
proposed, confirming its applicability to real datasets.

The second contribution involves the collection of shape data of sediments originating
from two tracer lithologies (arenites and metabasalts), starting from their respective
outcrops and progressing downstream along a small Alpine stream in Northeast Italy. A
conceptual, physically based model was developed and applied to describe sediment
circularity as a function of the distance from the outcrop, resulting in Mean Absolute
Percentage Errors (MAPE) of 0.34% and 0.64% for arenites and metabasalts, respectively.
Moreover, the analysis of the shape of fragments produced by the outcrops suggests that
the shape is a lithology-specific property, which can be considered constant among
outcrops with similar weathering mechanisms.
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Additionally, field data support the hypothesis that the shape of a sediment depends not
only on the distance travelled but also on its initial shape. Finally, the model was also
applied to describe the average circularity of pebbles from multiple arenite outcrops along
the stream, with a Root Mean Square Error of 0.017. The results suggest that the relative
contribution of a source decreases as its distance from the measuring location increases.
This effect can be explained by the diffusion of bedload particles and can be successfully
modelled with an exponential distribution.

The third contribution concerns the estimation of the distance travelled by sediment. The
proposed deterministic model for sediment circularity as a function of travel distance was
inverted to assess the accuracy and precision of shape-derived estimates of average travel
distance. The results show that the accuracy of such estimates varies depending on the
lithology, with softer lithologies (e.g. arenites) producing more accurate results (MAPE
31%), albeit for the shorter distances. The opposite happens for harder lithologies (e.g.
metabasalts, MAPE 63.5%). The precision of the estimates, measured by the coefficient
of variation of travel distances, was equal to 2.4 and 4.3 for arenites and metabasalts,
respectively, also suggesting that softer lithologies are likely to provide more precise
results. Since the data suggest that the shape of a particle depends on both travel distance
and initial shape, an approach was developed in which the estimated travel distance
probability is based on the fragment shape probability. The proposed approach is cast in
a Bayesian framework that requires the definition of a prior probability of travel distances.
Through choosing different priors, if uncorrelated with sediment shape, it is possible to
include additional information, such as the position of the outcrops for the lithology of
interest.

Several opportunities for further research are possible within this general theme. In terms
of data collection, the combination of technologies like Unmanned Aerial Vehicles
(UAVs) and Radio Frequency Identification tags (RFID) could allow the collection of
significantly larger datasets in a shorter time compared to manual sampling methods.
Moreover, recent developments in point-cloud segmentation and object identification
could allow the characterisation of the 3D shape of sediment particles, providing more
detailed information on their shape and with the potential of improving our understanding
of different forms of attrition.

With respect to the physics of attrition, a series of questions remains. Although recent
studies identified the governing parameter relating the energy of particle impacts to the
amount of mass lost during the impact, the coefficient describing the type of impact
remains uncertain. In terms of the relationship between the mass lost due to attrition and
the change of shape of particles, the dependency on the initial shape found in our field
data has not been tested in laboratory experiments yet. Moreover, the effect of mechanical
sediment properties on the relationship between shape and mass loss has not yet been
quantified.
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Finally, multiple authors suggest that the transport of bedload particles is characterised
by dispersion, partly attributed to the fat-tailed distributions of resting times. Since the
estimation of travel distances using the shape of sediments from multiple sources requires
knowledge of the relative source contributions, further research on sediment dispersion
is needed to improve the accuracy of the travel distance inference.

Overall, this research has both scientific and societal relevance. With respect to the former,
it contributes to better measuring and understanding sediment attrition in mountain
catchments, providing a relatively simple and novel model for use in both laboratory and
field studies on sediment attrition. Moreover, it provides for the first time estimates of the
accuracy and precision of travel distance based on particle morphometry, and it describes
two possible setups for future field campaigns using sediment shape as a tracing property.
With respect to the societal relevance of this research, accurate estimations of sediment
travel distance provide information on sediment fluxes and contribute to evidence-based
decision-making. Examples of applications that could benefit from a better and simpler
estimation of sediment sources and fluxes are: the calibration and validation of sediment
connectivity models, the geomorphological mapping of erosion-transport-accumulation
zones, the prioritisation of land conservation efforts, and the assessment of impacts of
infrastructure development.
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SAMENVATTING

Wie de mooie gelegenheid heeft om een rivier van de bron tot aan de zee te volgen, zou
observeren dat de samenstelling van het rivier sediment verandert in grootte en vorm.

Het doel van deze studie is ingegeven door een op het eerste gezicht eenvoudige vraag:
“Is het mogelijk een steen uit een rivier op te pakken en door het simpelweg meten van
de vorm te bepalen van hoe ver deze gekomen is?”” Indien men deze vraag betrouwbaar
en accuraat zou kunnen beantwoorden zou dit waardevolle mogelijkheden bieden om ons
begrip van riviersystemen te verdiepen, de rivierherstel praktijk, infrastructuur plannen
en rivierbeheer te verbeteren, en de natuurlijke gevaren te weerstaan. Nauwkeurige
identificatie van sediment trajecten op basis van een gemakkelijk meetbare eigenschap
zou het bijvoorbeeld mogelijk maken om te bepalen welke takken in een rivier netwerk
vrij gelaten kunnen worden om het sediment verder te transporteren en welke takken
verdere bescherming tegen erosie behoeven omdat deze de grootste sedimentbronnen zijn.

Deze studie bevat drie bijdragen aan dit algehele doel.

De eerste bijdrage betreft de veldmetingen van de vorm van het sediment. Dit gebeurt
vaak middels analyse van fotobeelden welke gemaakt zijn tegen een contrasterende
achtergrond en waarbij het materiaal met de grootste geprojecteerde oppervlakte naar het
beeld wijst. Echter, veldcondities laten geen controle over de belichting toe en daarom
zijn er vaak schaduwen aanwezig. Segmentatie van de individuele stenen onder deze
omstandigheden is uitdagend voor bestaande automatische hulpmiddelen. Zelflerende
hulpmiddelen bestaan hiervoor, maar voor zover bekend zijn deze nog steeds athankelijk
van de gebruikers om de segmentatie handmatig bij te sturen. Hiertoe is een volledig
automatische kiezel segmentatie methode ontwikkeld, welke het verzamelen van data
onder belichtings- en schaduw condities in het veld herhaalbaar maakt. Het voorgestelde
model voorzag in een accurate segmentatie van 91% van de verzamelde bestanddelen,
met een minimum intermediaire dimensie van 12 mm. Twee modellen zijn gebruikt voor
schattingen van vorm parameters uit de verkregen tweedimensionale contouren. De
resultaten laten tevens zien dat het effect van dergelijke modellen op de algehele fout in
de vormbepalingen vergelijkbaar is met die in de hier voorgestelde segmentatie methode,
hetgeen de toepasbaarheid hiervan op werkelijke dataverzamelingen bevestigd.

De tweede bijdrage omvat het verzamelen van sedimentvorm gegevens uit twee traceer
lithologi€én (arenieten en meta-basalten), beginnende bij hun respectievelijke
ontsluitingen en vervolgens stroomafwaarts langs een kleine Alpine bergstroom in
noordoost Itali€. Een conceptueel, fysisch gebaseerd model werd ontwikkeld en toegepast
om de circulariteit van het sediment materiaal als functie van de afstand tot de ontsluiting
te beschrijven, resulterend in gemiddelde absolute foutpercentages (GAF) van
respectievelijk 0,34% en 0,64% voor de arenieten en de meta-basalten.
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Tevens suggereert analyse van de fragmenten uit de ontsluitingen dat de vorm een
lithologie-specifieke eigenschap is welke gezien kan worden als constante voor
ontsluitingen met soortgelijke verwerings-mechanismen. Daarboven ondersteunen de
veldgegevens de hypothese dat de vorm van het sediment niet alleen afthangt van de
afgelegde afstand maar ook van de initi€le vorm. Tenslotte werd het model ook toegepast
om de gemiddelde circulariteit van kiezels afkomstig uit meerdere areniet ontsluitingen
langs de stroom te beschrijven, met een wortelgemiddelde kwadraatfout van 0,017. De
resultaten suggereren dat de relatieve bijdrage van een sedimentbron afneemt als de
afstand naar de meetlocatie toeneemt. Dit effect kan verklaart worden uit de diffusie van
bedding materiaal en kan met succes door een exponentiéle verdeling worden
gemodelleerd.

De derde bijdrage betreft de schatting van de door het sediment afgelegde afstand. Het
voorgestelde deterministische model van de circulariteit als functie van de afgelegde
afstand werd hiervoor geinverteerd ten einde de nauwkeurigheid en de precisie van de
gemiddelde op de vorm gebaseerde afstand schattingen te beoordelen. De resultaten laten
zien dat de nauwkeurigheid van deze schattingen varieert met de lithologie, waarbij de
resultaten voor ‘zachtere’ gesteenten (bijv. arenieten) nauwkeuriger zijn (GAF 31%),
althans voor de kortere afstanden. Het tegenovergestelde is het geval voor ‘hardere’
gesteenten (bijv. meta-basalten, GAF 63,5%). De precisie van de schattingen, gemeten
als de variatiecoéfficiént van de afgelegde afstanden, was gelijk aan 2,4 voor de arenieten
en 4,3 voor de meta-basalten, hetgeen ook suggereert dat de resultaten preciezer zijn voor
‘zachtere’ gesteenten. Omdat de gegevens suggereren dat de sedimentvorm zowel van de
afstand als de initi€éle vorm athangt, is een benadering ontwikkeld waarbij de
waarschijnlijkheid van de afstand wordt geschat uit de waarschijnlijkheid van de vorm.
De hier voorgestelde benadering is een Bayesiaans raamwerk welke de bepaling van een
a priori waarschijnlijkheid van de afgelegde afstand nodig heeft. Door verscheidene priors
te kiezen welke niet gecorreleerd zijn met de vorm is het mogelijk additionele informatie
toe te voegen, zoals de positie van de ontsluitingen voor de betreffende lithologie.

In het kader van het hier algemene thema zijn er verscheidene mogelijkheden voor verder
onderzoek. De combinatie van technieken zoals onbemande luchtvaartuigen (unmanned
aerial vehicles, UAVs) en radio frequency identification (RFID) tags zouden het mogelijk
kunnen maken om significant meer gegevens te verzamelen in kortere tijd ten opzichte
van handmatige data verzameltechnieken. Daarnaast kunnen recente ontwikkelingen in
puntenwolk segmentatie en object identificatie de driedimensionale vormbeschrijving
mogelijk maken welke meer gedetailleerde informatie omtrent de vorm zal geven, wat
dan zou kunnen leiden tot beter begrip van de verschillende soorten erosie tijdens
transport.
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Er resten een aantal vragen met betrekking tot de fysica van transport erosie. Alhoewel
recente studies de parameter welke de impact energie relateert aan het verlies van massa
tijdens impact hebben geidentificeerd, blijft de coéfficiént welke het impact type
beschrijft onzeker. Met betrekking tot de relatie tussen massaverlies tijdens transport
erosie en vormverandering, is de afthankelijkheid van de initi€le vorm blijkend uit de
veldgegevens vooralsnog niet getest in laboratorium experimenten. Bovendien is het
effect van de mechanische sediment eigenschappen op de relatie tussen vorm en
massaverlies vooralsnog niet gekwantificeerd.

Tot slot wordt door meerdere onderzoekers gesuggereerd dat het transport van bedding
materiaal wordt gekarakteriseerd door dispersie, hetgeen gedeeltelijk toegeschreven
wordt aan de breed uitlopende verdelingen van de rust-tijden. Omdat schatting van de
afgelegde afstanden uit de vorm van sedimenten afkomstig uit meerdere bronnen kennis
vereist van de relatieve bijdragen uit deze bronnen, is verder onderzoek naar sediment
dispersie nodig om de nauwkeurigheid van de afgelegde afstand inferenties te verbeteren.

Dit onderzoek heeft in het algemeen zowel wetenschappelijke als maatschappelijke
relevantie. Met betrekking tot het eerste draagt het bij aan beter meten en begrijpen van
sediment transport erosie in gebergte- stroomgebieden, waarbij het voorziet in een relatief
eenvoudig, nieuw model voor laboratorium- en veld- studies van transport erosie.
Daarnaast bevat het voor het eerst schattingen van de nauwkeurigheid en precisie van op
morfometrie gebaseerde afgelegde afstandsbepalingen van sediment bestanddelen, en
worden twee opzetten beschreven voor toekomstige veldcampagnes welke gebruik
maken van sediment vorm als traceer eigenschap. Met betrekking tot de maatschappelijke
relevantie voorzien nauwkeurige schattingen van de afgelegde weg van sediment
informatie over sediment fluxen en leveren een bijdrage aan bewijs- gebaseerde
besluitvorming. Voorbeelden van toepassingen welke kunnen profiteren van betere en
eenvoudigere schattingen van sediment- bronnen en fluxen zijn calibratie en validatie
van sedimentconnectiviteits- modellen, geomorfologische kartering van erosie-transport-
accumulatie zones, prioritering van landconservatie- inspanningen en het beoordelen van
de impact van infrastructuur ontwikkelingen.
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INTRODUCTION

This chapter provides the theoretical and practical background of this work, a description
of the methodology applied, and the main results. Moreover, it provides an outline of the
whole research work.



1. Introduction

1.1 BACKGROUND AND CONTEXT

Rivers are complex systems whose behaviour results from interactions among physical
(water, rocks, sediments, and soils), biological (flora and fauna), and anthropic
(infrastructures) factors (Rhoads, 2016; Tarolli and Sofia, 2016; Atkinson et al., 2017).
Changes in any of these factors can potentially affect the services rivers provide to
humans and ecosystems (Bregoli et al., 2019; Beveridge et al., 2020; Scorpio and Piégay,
2020). Despite this complexity, and even without a full understanding of these
interactions, humans have made use of rivers for millennia (Viollet, 2017).

For example, the oldest known dam, built on the Wadi Rajil, Jordan, in the IV"
millennium BC, controlled winter floods, the main source of water available in that arid
region. It had a height of around 4.5 m and a length of 80 m and was part of a complex
system of canals and reservoirs that supplied water to Jawa, a city of 2000 and 3000
inhabitants at the time. Yet, interventions based on limited or flawed knowledge have
sometimes had unintended negative effects. The Sunsari-Morang Irrigation Project
(SMIP) in Nepal diverts water from the Koshi River to irrigate an area of about 68,000
ha. Construction of the system began in 1977 and was completed in 1985. In 2015, bridge
construction approximately 100 m upstream of the SMIP intake left a cofferdam partially
in place, worsening sediment deposition patterns in front of the intake (Shrestha et al.,
2020) and reducing water supply to agricultural fields that support crops for thousands of
people. This case illustrates how a seemingly minor oversight in a local intervention can
cause impacts kilometres downstream.

Even when potential risks are known or can be forecasted by theoretical knowledge,
projects have proceeded to strengthen control over key resources (Janku, 2016; Pacific
Institute, 2024). For example, the Mekong Delta in Vietnam, home to approximately 18
million people, maintains its elevation relative to sea level through sediment deposition
and accumulation of organic matter. It is well established that dams reduce downstream
sediment loads, yet a series of dams have been built or are planned in the Mekong system,
drastically reducing sediment delivery to the delta (Schmitt et al., 2019). Combined with
ongoing subsidence and sea level rise, this significantly increases flood risk and
exacerbates saltwater intrusion and riverbank erosion (Binh et al., 2021; Chong et al.,
2021; Nguyen et al., 2021).

Because of the network-like structure of fluvial systems, local interventions such as dams
or diversions can have catchment-wide effects. Nevertheless, development requires
investment, infrastructure development, and resource management, all of which involve
trade-offs between stakeholders (McClain et al., 2013; Wheeler et al., 2018; Shrestha et
al., 2022). Quantitatively assessing the small- and large-scale impacts of different
solutions (Tangi et al., 2023) supports informed decision-making and provides a shared
basis for negotiations.



1.1. Background and Context

In striving to assess cause-and-effect relationships between interventions and
consequences, remarkable improvements have been made in modelling the liquid phase.
Significant advances have also been achieved in modelling sediment transport and its
effects on river morphology, although the accuracy of such estimates remains
comparatively limited (Recking, 2010). Like other Earth-surface processes, sediment
transport is characterised by nonlinear responses to external forcings and by the presence
of intrinsic thresholds (Schumm, 1979; Phillips, 2006; Recking, 2013).

The process is nonlinear because the specific sediment flux (qs), defined as the mass of
sediment passing through a river cross-section per unit time and per unit width, can be
approximated by a power law relationship with the specific water discharge, g, with an
exponent greater than 2. Moreover, as water flux can only entrain particles below a certain
size, sediment transport is also governed by a threshold for motion. This threshold is
determined by near-instantaneous flow velocities that occur close to the riverbed, where
velocity variability is greatest within the water column (Feehan et al., 2023).

In addition, riverbeds are rarely flat and are typically characterised by bedforms that
further influence local flow conditions and the threshold for motion (Dhont and Ancey,
2018). As a result, sediment transport rates exhibit strong spatial and temporal variability,
making consistent and accurate monitoring extremely challenging.

Given the complexity of the sediment transport process, particle-scale modelling is not
feasible. Upscaling methods are therefore applied depending on the simulation’s scale
and purpose. For whole river networks, simplified approaches have been developed to
assess the impacts of alternative scenarios, such as changes in sediment inputs or
infrastructure development, on sediment fluxes (Czuba, 2018; Czuba and Foufoula-
Georgiou, 2014; Schmitt et al., 2017, 2018a). These network-based frameworks quantify
the contribution of a river reach, i, to the sediment flux passing at a downstream reach, j.
This metric is used to estimate the “connectivity” between the reaches i and j. Models
that allow this type of analysis are therefore referred to as connectivity models. In addition,
these models enable the comparison of a pre-intervention scenario with alternative
scenarios in which infrastructure is developed on different river reaches. The CASCADE
model (Schmitt et al., 2016), and its most recent dynamic version, the D-CASCADE
model (Tangi, 2023), are examples of such models.

In these frameworks, the river network is subdivided into a series of reaches, defined as
sections of the river that can be assumed to share common attributes (e.g., width, depth,
slope, roughness, active layer thickness, etc.). For each reach, a time series of discharge
values is also required. Because precise quantification of sediment inputs, in terms of both
volumes and grain-size distributions, remains an open question in the scientific literature
(Sklar et al., 2016), these inputs are often estimated a posteriori (Tangi et al., 2023).
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The outputs of these models include estimates of the relative contribution of each
upstream reach to the sediment flux at a downstream location, as well as the provenance
of the riverbed material. Validation is typically carried out by comparing simulated
sediment fluxes with measurements. These models represent a major advance compared
with what was possible only a decade ago and now provide opportunities to compare, at
least qualitatively, different management solutions or scenarios.

Nonetheless, their calibration and validation remain limiting factors for quantitative
acceptance. Although their central aim is to reproduce connectivity between reaches,
calibration and validation are generally performed using sediment fluxes. However,
multiple connectivity patterns can produce the same flux, a principle known in systems
theory as equifinality (Nicholas and Quine, 2010; van Westen et al., 2025).

Calibrating connectivity models with connectivity metrics requires characterising
sediment fluxes or bed material by source. Since the late 1970s, fingerprinting techniques
have advanced considerably (Walling, 2013) using a multitude of physical and chemical
properties, cosmogenic and fallout radionuclides, and stable isotopes. These have focused
mostly on fine sediments and on source types, e.g., channel erosion, gully erosion, sheet
or rill erosion, rather than on their spatial organisation. Although useful for initial
screening of sources, no property currently allows tracing individual sediment particles
back to their transport history. Ideally, such a property would reveal either provenance or
travel distance. If available, it could be used to calibrate and validate connectivity models
and help predict intervention impacts across scales.

This thesis contributes to the overarching scientific question of assessing whether
sediment shape can be such a property.

1.2 MOTIVATION

This research is driven by scientific questions, which, in turn, may enable practical
applications. The latter were outlined in the previous chapter, while the theoretical
background underpinning the scientific questions is presented below.

Humans have long been fascinated by the shape of pebbles. To the best of the author’s
knowledge, the earliest theory attempting to explain why pebbles become rounder as they
move downstream can be traced back to Aristotle (Ross, 1913). He suggested that points
located further from the centre of mass of a pebble rotate more rapidly and are therefore
subject to greater attrition. Although intriguing, this explanation, now termed distance-
driven flow, is not consistent with observations. A different explanation, more recently
developed, shows stronger agreement with empirical evidence. According to this theory,
the rate at which a pebble’s surface shrinks inward is proportional to its local curvature
(Domokos and Gibbons, 2018; Pal et al., 2021). Thus, sharp edges and corners wear down
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more quickly than flatter faces or areas of lower curvature. This alternative explanation
is known as curvature-driven flow.

To apply such a theory to explain the rounding of river sediments, a metric for quantifying
shape is required. Over the years, many shape parameters have been suggested in the
scientific literature (Wadell, 1932; Barrett, 1980; Domokos et al., 2014). Their adoption
in field studies depends, in part, on the ease with which they can be measured under real
field conditions. A commonly used parameter in recent studies is the isoperimetric ratio,

IR = 4PL2A, (Pokhrel et al., 2024; Takahashi et al., 2025b), which can be calculated from a

pebble’s outline as a function of its area, A, and perimeter, P. This parameter measures
how close a shape is to a perfect circle and can be estimated simply from images. Under
curvature-driven flow, the isoperimetric ratio is expected to increase monotonically with
the mass lost through attrition (Novak-Szabé et al., 2018). In other words, as a particle
continues to lose mass, its isoperimetric ratio should steadily increase. To use the
isoperimetric ratio as a proxy for travel distance, the latter must therefore be linked to the
amount of mass lost through attrition. Theoretical arguments and results from discrete
element models suggest that particle mass decreases exponentially with distance travelled
along a river (Litwin Miller et al., 2014; Pal et al., 2021).

Nonetheless, as previously mentioned, sediment transport is a complex phenomenon due
to the presence of thresholds, nonlinearities, and feedback mechanisms, which can affect
the accuracy of estimates based on mean-field approaches. Establishing a mechanistic
link between mass loss and travel distance requires a level of detail in the description of
sediment transport that is currently unavailable. In particular, the threshold for motion of
bedload particles has historically been considered dependent on sediment size, with
higher shear stresses needed to entrain larger particles (Shields, 1936; Einstein, 1950;
Ancey et al., 2008; Lamb et al., 2008; Houssais et al., 2015). Nonetheless, recent studies
have started to recognise the importance of particle shape and density on the threshold for
motion (Lane and Carlson, 1954; Schmidt and Ergenzinger, 1992; Cassel et al., 2021).
This implies that the threshold for motion of a particle can vary, as it undergoes attrition.

The amount of mass lost by a particle to cover a certain length depends, in the most
general case, on its impacts on the riverbed (“in motion” state) and on the impacts it
receives from moving particles, while resting (“in place” state). The amount of mass lost
in each impact depends on the kinetic energy of the moving particle and on the mechanical
properties of the moving and the impacted particle (Sipos et al., 2020; Bodek and
Jerolmack, 2021; Litwin Miller and Jerolmack, 2021; Bray et al., 2024). For a given river
reach, the frequency of “in motion” states of particles depends on their size, shape, and
density, but the former two vary over time and space due to attrition. This means that the
estimation of the amount of mass lost by a particle to cover a certain distance can, in the
general case, depend on the properties (size, shape, density) of the bulk of particles, which
can all vary in time and space.
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Modelling all these interactions for a real stream is not feasible due to epistemic and
computational limits. For this reason, this work adopts a different approach: it investigates
whether it is possible to establish a relationship between the shape of an ensemble of
particles and their travel distance, instead of establishing a mechanistic relationship
between mass lost by a particle and its travel distance.

As previously mentioned, recent findings raise the possibility of using the isoperimetric
ratio as an indicator of sediment travel distance. However, several open questions and
practical challenges remain, and this thesis aims to contribute towards addressing them.

1.3 RESEARCH GAPS AND NOVELTY

While considerable progress has been made in understanding sediment transport, major
gaps remain in tracing the origin and transport history of coarse sediments in mountainous
rivers. A variety of techniques have been tested in the literature (Williamson et al., 2014)
and multiple sediment properties can be used in conjunction to estimate their age and
source type (e.g., surface vs. subsurface, forested vs. agricultural). Such properties can
include colour, size, texture, mineralogical and geochemical properties, etc (Collins et al.,
2017). Nonetheless, existing fingerprinting techniques are largely restricted to fine
sediments (Chapkanski et al., 2020), and source areas are commonly distinguished by
erosion type rather than their spatial configuration. As a result, there is currently no
established property of sediment particles that allows reliable inference of their transport
distance or history.

This gap is particularly critical in mountain and piedmont rivers, where the complex
geological and geomorphological setting produces a highly heterogeneous spatial
distribution of sediment sources. In such environments, conventional fingerprinting
methods struggle to provide meaningful constraints, and sediment connectivity models
remain difficult to calibrate and validate due to equifinality. The absence of a transport-
related fingerprinting property, therefore, limits both scientific understanding and the
practical application of sediment connectivity models in river basin management.

The novelty of this thesis lies in addressing this gap by investigating whether sediment
shape can serve as such a property. Specifically, this work introduces:

e A new image segmentation method that enables the reproducible measurement of
pebble shape under field conditions, without controlled lighting.

e The use of lithology-specific outcrops as natural tracers, allowing the distinction
between inherent lithological variability and the effects of downstream attrition.

e Application and inversion of a mechanistic model for sediment circularity,
providing, for the first time, estimates of sediment travel distance from shape data.
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e A Bayesian framework to update prior estimates of sediment travel distance
distributions using field-based shape measurements.

Together, these contributions provide both methodological advances and conceptual
insights. They demonstrate the feasibility of using sediment shape as a proxy for transport
distance, and open new avenues for calibrating and validating sediment connectivity
models at the catchment scale.

1.4 RESEARCH QUESTIONS

The overarching objective of this work is to improve our understanding of sediment
attrition in mountain catchments. Within this general objective, three specific objectives
were defined:

1. Develop a method to collect reliable sediment shape data in the field.
2. Develop a model to estimate sediment shape as a function of their travel distance.

3. Propose a methodology to estimate sediment travel distance based on their shape
and assess the accuracy of such estimates.

The work, therefore, comprises three contributions, reflecting the three specific objectives.
Each contribution addresses a specific set of research questions.

With respect to the measurement of pebble shape in the field:

4. How can repeatable measurements of pebble shape be obtained from field images
when lighting conditions cannot be controlled?

5. What is the relative importance of the segmentation method and the shape
characterisation algorithm in the accuracy of estimates of sediment shape from
field-collected images?

With respect to the estimation of sediment shape as a function of travel distance:

1. How can the spatial evolution of sediment shape in mountainous streams be
modelled, starting from a localised point source?

2. What is the relative importance of the parameters associated with rounding rates
and the spatial scaling of mass loss in controlling the rate of shape evolution?

3. How can the contributions of multiple sediment sources be incorporated when
modelling shape evolution in mountainous streams?

4. Do outcrops exhibit lithology-specific shape properties?

With respect to the estimation of sediment travel distance based on shape:
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1. What is the accuracy and precision of travel distance estimates derived from
sediment shape?

2. How can sediment shape be used to update prior estimates of the probability
distribution of sediment travel distances?

Each chapter addresses the corresponding research questions, while a comprehensive
discussion of all findings is presented in the concluding chapter.

1.5 METHODOLOGY

The main objective of this work is to assess the extent to which sediment shape can be
used to infer travel distance, the expected accuracy and precision of such estimates, and
the factors that influence them. As mentioned in section 1.2, the achievement of such an
objective requires overcoming a series of practical and theoretical challenges, which were
detailed in the research questions. This section describes the methodological approach
used to answer them. The overall methodology is summarised in Figure 1.2.

This work uses a field data-based approach: a catchment was selected where specific
lithologies could be employed as tracers. The shapes of sediments from the tracer
lithologies were obtained through image analysis.

The first practical challenge concerns the measurement of sediment shape in the field.
While sediment size can be accurately measured from unmanned aerial vehicle (UAVs)
imagery (Carbonneau et al., 2004; Woodget and Austrums, 2017; Cattapan et al., 2018;
Chen et al., 2022), shape measurements require higher resolution and are strongly affected
by imbrication, overlap, and partial exposure due to vegetation (Steer et al., 2022). A
more controlled setting is therefore usually needed to obtain accurate estimates of
sediment shape. Optical and laser scanning techniques can achieve high accuracy (Hodge
et al., 2009; Tunwal and Lim, 2023), but they are typically expensive, time-consuming,
and logistically demanding, particularly when applied to large sample sizes in a laboratory.
Field measurements, in contrast, allow relatively quick analysis of larger numbers of
samples, but uncontrolled conditions, such as variable lighting and shadows, may affect
shape estimates. The first contribution of this work is therefore the development of a
method for segmenting pebble images collected in the field, enabling reproducible shape
measurements even under light shadow conditions.

This segmentation method was applied to collect sediment shape data in a 25 km? Alpine
catchment, the Sarzana Stream, in Italy (Figure 1.1). The two lithologies used as tracers
are arenites and metabasalts, as their outcrops occupy a limited part of the catchment area.
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1. Introduction

This data made it possible to test a new physically based model linking sediment shape
to travel distance, in agreement with the theoretical frameworks described in section 1.2.
In addition, the dataset provided insights into the shape properties of fragments produced
directly at outcrops.

Catchment Selection

» Lithological map - Identification of the outcrop for each lithology -« Definition of sampling locations

Objectives Inputs Data, Variables and Methods Results and

Applications
» Collection of sediment  + Measurement of sediment shape Pebble segmentation
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fragments and river distributions of IR. of outcrops model for circularity
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Modelling « Estimation of travel « Proposed relationship between travel distance:
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» Parameters:
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» Spatial scaling of mass loss:
u=f2(L)
» Parameters:
* kg attrition coefficient
. + Shape of outcrop + Deterministic model: £ = f7*(IRy,) Two approaches
e
. 3 « Accuracy, precision and sensitivity
il ;(t)::tlon of sampling » Comparison deterministic vs

probabilistic

Figure 1.2. Research framewortk.

Sampling locations were chosen based on accessibility and to capture the evolution of
sediment shape from its point of entry into the river network. Their positions were
measured using a differential GPS (RTK), while travel distances were determined along
the steepest descent paths using a 5x5 m resolution digital elevation model (DEM). While
other studies have used sediments of known lithologies as tracers, this research is the first
to identify the precise locations of outcrops and to measure the shape of the fragments
they produce. This monitoring approach has, for the first time, enabled assessment of the
relative importance of inherent heterogeneity versus attrition in shaping particle
circularity measured in the field.
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1.6. Outline of the Thesis

As such, it challenges earlier models (Pokhrel et al., 2024; Takahashi et al., 2025a) that
attributed all variability in sediment shape solely to differences in transport distance.
Furthermore, this approach has allowed for the evaluation of similarities and differences
in the shape properties of fragments from different lithologies.

Finally, the previously developed model for sediment circularity was inverted to estimate
travel distance from sediment shape. This direct inversion method was evaluated in terms
of its accuracy and precision, and its applicability for estimating travel distances of
particles from multiple sources was explored. Furthermore, a Bayesian approach was
proposed to update prior probability distributions of sediment travel distance using
observed shape distributions. Although this Bayesian method has not yet been applied,
its expected advantages and limitations relative to direct inversion are discussed.

The methodology does not allow for tracking individual particles and, therefore, cannot
directly estimate mass loss due to attrition or the time taken for particles to travel specific
distances. Attrition experienced by particles while stationary on the riverbed is
consequently neglected. This is a limitation of the study, and its contribution to overall
attrition remains unclear in the literature, although this possible attrition mechanism is
seldom addressed in similar work. To the best of the author’s knowledge, the dependence
of this process on sediment properties, such as density, size, and mechanical strength, has
not yet been investigated.

1.6 OUTLINE OF THE THESIS

This thesis is organised as follows.

Chapter 2 presents the image segmentation model developed to obtain reproducible
measurements of pebble shape and its application to images collected during the field
campaign.

Chapter 3 presents the outcomes from the field campaign, including the analysis of
sediment shape, the assessment of fragments produced by outcrops, and the development
of a model to estimate the circularity of sediments originating from single and multiple
sources.

Chapter 4 discusses two methods for estimating sediment travel distances from shape.
The first method involves the direct inversion of the circularity model introduced in
Chapter 3, while the second proposes a Bayesian approach for estimating the probability
distribution of sediment travel distance.

Finally, Chapter 5 summarises the main findings, answers the research questions,
discusses methodological limitations, and outlines areas of further research.
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A METHOD FOR SEGMENTATION OF
PEBBLE IMAGES IN THE PRESENCE
OF SHADOWS

The quantification of pebble shape from image analysis involves two steps: the
segmentation of pebble contours and the application of a computational geometry
algorithm to estimate shape parameters. When images are taken in the field, unavoidable
shadows might hinder the possibility of using automatic segmentation methods. This
chapter introduces a new method for automatic segmentation of pebbles that improves
segmentation accuracy in the presence of shadows.

The algorithm was calibrated on a sample of five pebbles and then validated on a sample
of 1696 pebbles. Its accuracy has been estimated by comparing the resulting shape
parameters with those obtained using reference software, which was used as ground truth.

The proposed segmentation method was capable of accurately segmenting around 91%
of the sample. The relative importance of the segmentation method and of the
computational geometry algorithm used on the overall accuracy of pebble shape was also
assessed, using for the latter, the models proposed by Zheng and Roussillon, respectively.

This chapter is mostly based on: Cattapan, A., Gurini, A., Paron, P., Ballio, F., Franca,
M. J. (2024). A method for segmentation of pebble images in the presence of shadows.
Earth Surface Processes and Landforms, 49(15), 5202-5212.
https://doi.org/10.1002/esp.6027
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2. A method for segmentation of pebble images in the presence of shadows

2.1 INTRODUCTION

The detailed description of sediment transport processes in rivers is still hindered by
technological measurement limitations (Schneider et al., 2016; Wyss et al., 2016; Cassel
et al., 2017a, b; Rickenmann, 2017). Historically, sediment transport rates have been
considered to depend on pebbles’ mass, almost invariably expressed by a linear measure
representative of their size and by their density (Engelund and Hansen, 1967; Meyer-
Peter and Miiller, 1948; van Rijn Leo C., 1984). Recently, the impact of pebble shape on
transport rates was also acknowledged (Cassel et al., 2021; Deal et al., 2023). Changes in
sediment size and shape as a function of their transport history within a river basin have
been observed in the field and studied empirically, analytically, and numerically for
decades. These changes have been attributed to the combination of a series of processes:
attrition (Wentworth, 1919; Krumbein, 1941; Kodama, 1994; Lewin and Brewer, 2002;
Attal and Lavé¢, 2009), selective transport (Bradley et al., 1972; Dawson, 1988; Seal and
Paola, 1995; Ferguson et al., 1996) and physical and chemical weathering (Bradley, 1970;
Jones and Humphrey, 1997). Some authors also suggested the possibility of “in-place
abrasion” (Schumm and Stevens, 1973; Brewer et al., 1992), which is the process of
sediment deterioration due to vibrations that pebbles are subject to because of fluctuations
in lift and drag forces.

Two of the most widespread technologies providing quantitative data on sediment size
and shape are laser scanning and image-based techniques. Both techniques have been
applied to untouched samples in the field (Adams, 1979a; Butler et al., 2001; Warrick et
al., 2009; Hodge et al., 2009; Chang and Chung, 2012; Wang et al., 2013; Huang et al.,
2018), and on pebbles collected and later analysed under controlled conditions, and by
applying several methods (Hayakawa and Oguchi, 2005; Cassel et al., 2018). In general,
image-based methods represent a cheaper solution, especially if the analysis is limited to
pebble size, whose accurate estimation can be achieved even with lower-resolution
images (Roussillon et al., 2009; Detert and Weitbrecht, 2012; Zheng and Hryciw, 2015).
In this case, the grain size distribution of the surficial material can also be estimated using
images collected by Unmanned Aerial Vehicles (UAV) (Carbonneau et al., 2004;
Langhammer et al., 2017; Woodget and Austrums, 2017; Carbonneau et al., 2018). This
method allows the acquisition of a large number of pebbles in a relatively short time,
however, pebbles’ imbrication and coverage by vegetation and soil material limit its
applicability to shape estimation. Furthermore, while mean grain size can be inferred from
the spectral decomposition of images of exposed sediment deposits (Buscombe et al.,
2010), a similar approach has not yet proven applicable for shape estimation. Several
algorithms were proposed to allow the segmentation of contacting and overlapping
objects, both in 2D and 3D settings (Koh et al., 2007; Zheng and Hryciw, 2016; Sun et
al., 2019), but their effect on the accuracy of shape estimates is still unclear.
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2.2. Methods

For these reasons, accurate estimates of sediment shape still mostly rely on the analysis
of samples collected in the field and analysed under controlled conditions.

During field surveys, sediment images are often taken by placing the sampled pebbles
against a flat surface capable of providing a uniform colour background (Roussillon et al.,
2009; Vangla et al., 2017; Cassel et al., 2018; Tunwal et al., 2020). Field conditions do
not always allow shadow elimination, which affects image segmentation (Figure 2.1 a).
Shadow elimination is a classic problem in image analysis and computer vision, which
has therefore produced a vast literature (McCallister and Hung, 2003; Al-Najdawi et al.,
2012; Ecins et al., 2014; Le and Samaras, 2020). These methods are not applicable to
sediment pebble analysis, mainly due to the high variability in hue and texture, and the
lack of controlled lighting conditions that can be achieved in the field. Under more
controlled conditions, the geometric projection of pebbles’ shadows has been used to infer
their third dimension (Montenegro Rios et al., 2013). This method requires a background
capable of producing a strong hue difference to the target pebbles. Unfortunately,
although many silicate and carbonate rocks present a higher intensity in the red and blue
spectrum, some rocks also show relevant intensity in the green hue (e.g., rocks rich in
olivine, serpentine, or chlorite minerals). This makes the data acquisition process complex
in the field since one should use different backgrounds for pebbles of different hues.

This manuscript proposes a new method to segment the 2D contour of pebbles from
sediment images in the presence of shadows. The method is based on a probabilistic
application of the Canny edge detection algorithm (Canny, 1986) and uses grayscale
images; therefore, it does not require the selection of a specific background colour. Its
application shows that this new method allows an accurate assessment of sediment shape
properties from images collected in the field using relatively inexpensive equipment. The
model is written in MATLAB ™, The MathWorks, Inc., and is available at
https://github.com/ACattapan/Probabilistic-Canny-Segmentation.

2.2 METHODS

2.2.1 Segmentation Method

Sediment images collected in the field are generally characterised by irregular shadowing
and by intra-granular variations in texture and colour (Figure 2.1 b). Since shadows
reduce the local contrast near the edge of a pebble, common methods for edge detection,
loosely based on intensity gradients, might not provide an accurate segmentation, e.g.,
Canny edge detector (Canny, 1986), Sobel operator (Sobel, 2014), and Watershed
algorithm (Zheng and Hryciw, 2016).
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2. A method for segmentation of pebble images in the presence of shadows

The proposed method comprises two phases. Phase 1 consists of a pre-processing of the
input image where the model identifies the background board on which target pebbles are
placed to exclude undesired objects and roughly identifies each pebble, which will then
be analysed individually. Phase 2 consists of the application of the proposed method to
each pebble. The proposed method is based on the iterative application of the Canny edge
detection algorithm with variable thresholding values. For each set of these values, an
image of the edges of variable strength is produced. These images are then averaged to
calculate the relative frequency with which each pixel has been identified as an edge,
hence the probabilistic nature of the method. This probabilistic approach improves the
performance of the classical Canny algorithm by considering additional criteria for the
definition of the outline of a pebble, on top of the local contrast. The detailed method will
be explained in Chapter 2.2.3.

2.2.2 Phase 1: Image pre-processing

The first phase of the model aims at removing from the initial image areas of non-interest
(Figure 2.1 b). For this purpose, the true-colour image is first transformed into grayscale.
Given the sharp change in colour and texture between the outer material and the
background board, the board’s edge represents a discontinuity in the light intensity, i.e.,
these points are characterised by a significant gradient in greyscale. The image is
therefore initially enhanced, increasing the contrast between the background board and
the material present on the background. The contrast enhancement increases the
probability that the maximum absolute value of the intensity gradient will be placed on
the edges of the background board. The intensity gradient is computed by the convolution
of the Sobel operator (Sobel, 2014) and the contrast-enhanced image. The background
board segmentation method searches for the edges in the vertical and horizontal directions
separately and proceeds sequentially by column and row, respectively. As an example,
the process for the identification of the top horizontal edge is explained below; the
identification of the other edges will follow an analogous process.

Assume the enhanced image to be a N by M pixels matrix. Each pixel is identified by its
row and column indices, i and j respectively. The search for the pixels composing the top
horizontal edge of the background board starts from the top left of the image (row i = 1
and column j = 1) and proceeds by column. The code searches for the pixel with the
highest positive gradient in the vertical direction along the column j and evaluates the
following conditions:

When the image includes external material that encircles the background board, then the
horizontal edge might not lay on the column j. In this case, none of the pixels in column
J have a positive gradient, so the code moves to the first row of column j + 1.
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2.2. Methods

If the highest positive gradient is found on pixel (i, j), which is located in the upper half
of the image (i* < N/2) and no previous pixel had been identified as an edge, then (i*, j)
becomes the first pixel of the horizontal edge. If other pixels had already been identified
as part of the edge, the code computes the distance from the pixel identified as an edge in
column j — 1. If this distance is smaller than 10 pixels, then the pixel (i*,j) will also be
classified as part of the horizontal edge. Hence, all pixels of column j located on rows
(i < i*) will be assigned a value of 0 and all pixels on rows (i = i*) will be assigned a
value of 1. The code will then move to the first row of column j + 1.

If the highest positive gradient is found on pixel (i, ) and this is located in the lower
half of the image (i* > N/2) or at a distance higher than 10 pixels from the pixel
identified as an edge in column j — 1, this means that the top edge along column j is not
characterised by the maximum gradient. This can be due to the presence of pebbles inside
the board that produce a stronger contrast with the board itself. The upper edge along
column j is therefore approximated by the pixel located on the same row as the edge pixel
of column j — 1 and the analysis will move to column j + 1. This implies that the board
edge is assumed to be parallel to the edge of the image.

The result is a binary mask splitting the image into two: all pixels above the top horizontal
edge will have a value of 0, while all pixels on the edge and below will have a value of 1.
A similar process is repeated to identify the three remaining edges. The final four binary
masks are then overlapped, resulting in a binary mask where all pixels belonging to the
background whiteboard have a value of 1 (Figure 2.1 c).

This mask is then applied to the original RGB image so that the output is a true-colour
representation of the whiteboard and the pebbles positioned on top of it. The outer
material in the area of non-interest is replaced by a uniformly coloured region. To reduce
the contrast, the colour of the outer region can be selected to be as similar as possible to
the colour of the background board (Figure 2.1 c).

Since the next phase of the model involves the analysis of each pebble individually, the
image obtained at this point is converted to black and white and enhanced. Since the
contrast between the whiteboard and the pebbles is generally high, their outline can be
roughly identified and labelled as a separate 8-connected component. The (8-) connection
is defined according to this criterion: a pixel a is 8-connected to a pixel b if b is located
in a 3x3 square window surrounding pixel a, which is therefore composed of 8 pixels
plus pixel a itself. Each component represents the set of pixels that have been assigned a
value of 1 in the black-and-white image. Comparing Figure 2.1 ¢ and d, it is possible to
notice that, due to the presence of shadows and colour and texture changes on the surface
of some pebbles, this rough segmentation can be quite inaccurate, often leading to the
overestimation of the pebbles’ outline. The model builds a bounding box around each
connected component, which will be the area of focus for the second phase.
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2. A method for segmentation of pebble images in the presence of shadows

Figure 2.1. a) Example of the field survey process. b) JPG Image of a sample of pebbles

of mixed lithology collected on the Sarzana Stream, Italy in 2019. This image is
4032x3024 pixels, with a resolution of 300 dpi and a spatial resolution of around 0.26
mm/px. c¢) Image resulting after the elimination of the material outside of the
whiteboard. d) Example of rough segmentation with the indication of centroids and
bounding boxes for each pebble.

2.2.3 Phase 2: Probabilistic Canny segmentation method

In order to assure the quality of the segmentation and immediately remove poorly
segmented pebbles, the model considers one pebble at a time, which can be thought of as
a two-step process.

The first step is based on the Canny edge detection algorithm (Canny, 1986; Gonzalez et
al., 2009), which is widely used in image segmentation and incorporated in MATLAB ™,
A general overview of the method is given here, while a detailed explanation can be found
in the literature (Canny, 1986; Gonzalez et al., 2009). The method is usually applied to a
grayscale image, which is initially smoothed by a convolution with a Gaussian function
with a given standard deviation () and a 16 X 16 pixel support. The magnitude and
direction of the local gradient of the smoothed image are then computed for each pixel.
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2.2. Methods

The underlying hypothesis is that pixels belonging to an edge should be characterised by
a local maximum of the gradient in the direction of the gradient. Nonetheless, the gradient
magnitude image is generally characterised by the presence of wide ridges instead of
sharp edges. The algorithm, therefore, proceeds with a non-maximum suppression step:
if the value of the gradient in a certain pixel is the maximum among the ones located
along the gradient direction, its value is maintained, otherwise, it is suppressed, i.e.,
replaced by zero. This step produces a non-maximum suppressed gradient image, which
may contain false-positive and false-negative edges. The selection of the important ones
for the segmentation of the objects is performed by a hysteresis thresholding process.
Edges can be classified according to the “strength”, i.e., the magnitude of the gradient.
The algorithm defines two thresholds for the gradient magnitude: a higher threshold (C,)
and a lower one (C;). All pixels with a gradient magnitude higher than Cj, are defined as
“strong” and are automatically kept as edges. All pixels with a gradient magnitude lower
than C; are automatically discarded, while pixels with a gradient magnitude between Cp,
and C; are defined as “weak” and are kept only if they are connected to a “strong” edge.
Overall, the Canny edge detection algorithm requires the definition of three parameters:
the standard deviation of the Gaussian filter (o) and two thresholds €}, and C; for edges’
strength. The model first applies the algorithm using the default values for all the
parameters: o, = V2, while C,, and C; are defined in terms of percentage of the gradient
magnitude values, C; = 0.28 and C;, = 0.70.

When applied to images of sediment collected in the field, e.g., Figure 2.1 a, this method
might categorise as edges not only a pebble’s contour but also internal discontinuities due
to variations in colour or texture (Figure 2.2 a). The presence of significant shadows might
also worsen the quality of the segmentation because the maximum gradient might happen
along the shadow, resulting in artificial edges not associated with the shape of the physical
object (Figure 2.2 a). To assess whether the default application of the Canny algorithm
successfully segmented the whole outline of a pebble, the edges resulting from its
application are first classified as 8-connected components, and the longest connected
component is identified.

In the absence of shadows and internal colour or texture changes, the outer border is
characterised by a strong contrast with the background, and therefore, the longest
connected component properly approximates the pebble’s outline. In this case, the longest
connected component will be a closed path; the segmentation process will stop, and the
model will print an image of the original pebble superimposed by the longest connected
component to allow the operator to assess the quality of the segmentation and decide
whether to keep the outline for further shape analysis or discard it due to insufficient
accuracy. On the other hand, in case of strong shadows or colour variations, the longest
connected component properly identifies only the part of a pebble’s outline facing the
light source, where the image contrast is higher, e.g., the red outline in Figure 2.2 a.
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2. A method for segmentation of pebble images in the presence of shadows

In this case, the longest connected component will be an open path, characterised by two
endpoints. The process will therefore continue with the Probabilistic Canny segmentation
method, which represents the second step of Phase 2.

The second step of Phase 2 is based on the hypothesis that the composite statistics of
multiple applications of the Canny algorithm with different parameterisations will reveal
the most significant edges, i.e., the ones which are identified more frequently. The
parameters that the model varies to assess the relative frequency with which edges are
detected are the standard deviation of the Gaussian filter and the lower and upper
thresholds on edges’ strength. Parameters are selected from independent uniform
distributions (see also Chapter 2.4). Each combination of these three parameters produces
a binary image of edges. The relative frequency f with which each pixel is identified as
an edge can therefore be computed. The output representation is a grayscale image, where
pixels with a higher probability of being edges appear in a lighter colour (Figure 2.2 b).
The model then starts from one endpoint of the previously computed longest connected
component and uses the edge frequency map to select new pixels to attach to, eventually
closing the pebble’s outline. The algorithm uses a square search window of size [ pixels
placed around each endpoint of the longest connected component (Figure 2.2 b). The
selection of which pixels to attach to the actual longest connected component is based on
two assumptions. The first assumption is that pixels that have been more frequently
identified as edges have a higher likelihood of being true edges. The second assumption
is that pebbles tend to be overall convex, therefore, true edges should contribute to closing
the pebble outline.

To implement these assumptions, the pixels’ relative position must be defined. The model
uses a polar coordinate system cantered on the centroid of the actual longest component.
The position of each pixel within the search window is therefore defined by its distance
from the centre d._p and by its angle a (Figure 2.2 b). § is the angle formed between a
pixel in the search window and the opposite endpoint. dg_p is the distance between a
pixel in the search window and the endpoint at the centre of the window. Vf is the
gradient of the frequency map computed between each pixel in the search window and
the actual endpoint. A is the angular distance between the current endpoints. Pixels within
the search window are initially filtered according to three conditions:

F>0 2.1
dg_p >0 2.2
§<A 2.3
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The first condition (equation 2.7) filters out all pixels that were never identified as edges
since their frequency f is lower or equal to zero. The second condition (equation 2.2)
filters out the current endpoint by imposing that the distance of the selected pixel from
the centre of the search window should be positive (dg_p > 0). The third condition
(equation 2.3) states that the selected pixel should contribute to the decrease of the angular
distance between the endpoints (6§ < A), in agreement with the second assumption. The
first and second conditions must always be met, while, if any pixel within the search
window satisfies the third condition, the model selects the pixel with the minimum value
of § (evenif & > A). This allows the identification of locally non-convex edges. Multiple
pixels may fulfil all three conditions. In this case, the model will select the new endpoint
according to a list of conditions, where each further condition is assessed only if multiple
pixels meet the previous one. The list of conditions is:

max (Vf) 24
min (dg_p) 2.5
min (6) 2.6

The meaning of these criteria is: the new endpoint is selected based on the maximum
gradient of the probability of it being an edge (equation 2.4); its distance from the current
endpoint should be the minimum to guarantee the continuity of the object’s outline
(equation 2.5); and its position should be such that the angle between current endpoints
will decrease (equation 2.6). The pixel resulting from such selection will become the new
endpoint and, should it not be adjacent to the actual centre of the search window, it will
be connected to the current endpoint with a linear interpolation.

At this point, the model moves to the opposite endpoint, and the process is repeated. The
angular distance between endpoints iteratively decreases, bringing them closer together
alternatively from both sides. This process stops either if it is not possible to identify
additional edges, or if the position of the endpoints is such that one of the two following
conditions is met:

A< Ay, 2.7
l
de_p < E\/E 2.8

The first condition (equation 2.7) states that the angular distance between the endpoints
is smaller than a certain threshold A;p, (6° in this application). The second condition
(equation 2.8) states that the linear distance between endpoints is smaller than half of the
diagonal of the search window. At this moment, the two endpoints are connected by a
straight line that closes the pebble’s outline.
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Figure 2.2. a. Connected components resulting from the application of the classical Canny segmentation algorithm. The red contour
represents the longest connected component. Notice that, in the area where a shadow is present, on the left of the pebble, the algorithm
identifies a series of possible edges, each with a different “strength’ and length. b. Scheme representing the variables used by the pebble
segmentation model. O is the centroid of the connected component and x is the horizontal axis. E; and E, are the two endpoints of the
longest connected component, « is the angle of the first endpoint with respect to the horizontal axis, while § is the angle between the
endpoints. dq_p is the distance between the centroid and a generic pixel within the search window (see particular A), which has a size l.
Finally, dg_p is the distance between an endpoint and a generic pixel within the search window. c. Outline of a pebble obtained from the
application of the proposed method, after calibration.



2.3. Application Area and Data Collection

At the end of the segmentation process, the identified contour is plotted on top of the true
colour image to allow a visual assessment of the quality of the result (Figure 2.2 ¢). The
method was capable of properly segmenting the pebble (Figure 2.2 c), despite the
presence of a shadow; the application of the classical Canny algorithm would have
produced a set of possible edges in the area on the left of the pebble (Figure 2.2 ¢).

2.3 APPLICATION AREA AND DATA COLLECTION

The data used for calibrating and validating the proposed method were collected in the
Sarzana Catchment: a 25 km? alpine basin in North-East Italy (Figure 2.3). The Sarzana
Stream is a tributary of the Cordevole River, which joins the Piave River around 31 km
downstream of the Sarzana Confluence. The Sarzana Catchment is characterised by an
alpine climate, with cold winters and temperate summers. The average annual
precipitation, measured at the nearby ARPAV station of Col di Pra
(https://www.arpa.veneto.it/dati-ambientali/open-data/clima) over the period 2000-2021
is about 1620 mm (Brenna and Surian, 2023). The Sarzana Stream drains the Southeast
face of the Agner Mountain group, while its right-hand side is bounded by the Armarolo
Mount. The elevation varies between about 2872 and 563 m above sea level.

Sediment samples ranging between fine gravel and cobbles have been collected from 11
locations, from outcrops, first-order tributaries, and along the main river. Individual
sediment particles have been collected, washed to remove loose soil and vegetation, dried
with a cloth to avoid sparkles, and placed on a 0.5 m by 1.0 m rectangular white wood
board that was used as a background. Sediments were placed on the background board
following two criteria: their orientation was such that the projected area on the board was
maximum, and their relative distance was large enough to avoid overlaps of their edges
when seen from the point of view of the camera. In the current manuscript, the first
criterion was applied to ensure that the maximum projected area was captured, providing
reliable measures of both maximum and intermediate axes (a and b, respectively).

Images were taken using an Olympus® E-PL1 digital camera, whose lens was placed as
parallel as possible to the background board to limit tangential distortion, and with the
board and the sampled particles well within the edges of the image to limit radial
distortion. For these reasons, images were not corrected for distortion before the analysis.
A metal ruler was placed along the longest side of the board and was used to scale each
image. The resolution of the images depends on the size and resolution of the camera
sensor, the focal length, and the distance between the lens and the object. The data
presented here were taken standing at a distance of about 1.0 m from the board, the camera
used has a 12.3 MP sensor, and the resulting images have an average resolution of 0.26
mm/px. The total number of pebbles present in the sample is 1696.
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Figure 2.3. Location of the Sarzana River basin and of the locations where the sediment images used in this study have been collected.



2.4. Model Calibration

The minimum size of the particles collected was chosen following the criteria
recommended by Roussillon et al. (2009): in order to achieve accurate shape values, for
a given image resolution, each particle perimeter should be composed of at least 150
pixels. The minimum dimensions considered were therefore about 20 mm and 12 mm for
the maximum and intermediate size, respectively.

In order to assess the relative importance of the toolbox used for shape parameters
estimation, we created a set of eight black and white images using Adobe Illustrator CC,
for which we could compute shape descriptors analytically. These will be further referred
to as “analytical shapes”. Examples and details regarding the analytical shapes can be
found in the supplementary material. Table 2.1 summarises the ranges of values used for
shape descriptors of analytical shapes (Equations 2.9, 2.10 and 2.11).

Table 2.1. Overview of shape descriptor values for analytical shapes

Parameter Lower limit Upper Limit
0.18 0.74
C 0.44 0.97
Ry, 0.29 1.00

2.4 MODEL CALIBRATION

The probabilistic nature of the model implies the definition of boundaries for the random
selection of the parameters used. The quality of the model’s result depends on these
boundaries. The model was calibrated to identify the optimal ranges of C;, C;, and .. The
space of possible values considered during the calibration is reported in Table 2.2.

Table 2.2. Range tested for calibration parameters.

Parameter Lower limit Upper Limit
G 0.0 1.0
Ch 0.0 1.0
oc 0.2 5.0

In order to calibrate the values of the model’s parameter and to assess its accuracy, the
outline of each pebble manually obtained using the “Quick Selection tool” available in
Adobe Photoshop CC was chosen as the ground truth (GT). The use of this tool requires,
especially in the case of shadows, the manual refinement of the segmentation by the
operator and might therefore be time-consuming and subject to operator bias.
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2. A method for segmentation of pebble images in the presence of shadows

The model’s parameters have been calibrated using five pebbles that have been selected
because they differ in shape, colour, texture and intensity of the shadow. The outlines
resulting from the application of our model with each combination of the calibration
parameters have been processed using the toolboxes developed by (Roussillon et al., 2009)
and (Zheng and Hryciw, 2015) for the estimation of shape parameters. Both toolboxes
have been used to process the outlines obtained from the segmentation with Adobe
Photoshop CC. We used as an accuracy metric the mean absolute relative error () of
three common shape descriptors: elongation, circularity and roundness. The definitions
of these three shape descriptors are as follows:

—I 2.9
e = I )
4TA
1 «n,
N, 2i=1i 211
Ru==F—

Where elongation e is the ratio of the intermediate to the longest dimension of the 2D
contour (I and L respectively), A and P are the area and the perimeter of the 2D contour,
respectively and Ry, is the roundness according to (Wadell, 1932). This is defined as the
ratio between the average radius of curvature (;) of the N, corners of the 2D contour and
the radius of the biggest inscribed circle (R). The relative error (€) for each descriptor is
defined as follows (equation 2.12):

Np
_ 1 N 1Beri — Beil

Np =1 BGTi

2.12

Where N, is the number of pebbles in the sample (N,, = 5 for the calibration phase), Ber;
is the value of a generic shape descriptor obtained using the ground truth outline for the
i pebble, while Bp¢; is the value of the same shape descriptor obtained using the outline
produced by the Probabilistic Canny segmentation method for the same pebble. This
metric was chosen since it does not allow compensation for positive and negative relative
errors. We also assessed the general performance of the model using an overall error
metric defined by equation 2./3.

E=\/e§+e§+e§w 2.13

Where ¢, is the relative error for pebbles’ elongation, &, is the relative error for pebbles’
circularity and g, is the relative error for pebbles’ roundness, as defined above.
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2.4. Model Calibration

The combination of parameters selected for the calibration was the one that produced the
minimum of the objective function ({)) defined as the square root of the sum, over all five
pebbles, of the squares of the overall error metric (equation 2./74).

2.14

The combination of values corresponding to the minimum of the objective function is
provided in Table 2.3. The parameters were tested between the lower and upper limits in
Table 2.2 with an equidistance of 0.01. The size of the search window around each
endpoint was kept constant and equal to 17 pixels. The calibrated model was then applied
to the full dataset of images taken in the Sarzana River basin, Italy, as described in Chapter
2.3.

Table 2.3. Values of model parameters after calibration.

Parameter Lower limit Upper Limit
G 0.1 0.2
Ch 0.0 0.3
oc 0.2 5.0

The relative importance of the segmentation method and of the computational geometry
tool for the overall accuracy of the shape values estimation was also assessed. For a given
shape descriptor B, the bias of the toolbox by Zheng and Hryciw, (2015) was assessed

with respect to the one by Roussillon et al., (2009); the average absolute relative
difference between the values produced was used €;_g 5 (equation 2.15). We used three

datasets: the ground truth outlines, the outlines produced by the Probabilistic Canny
segmentation model, and the analytical shapes.

Np
&rorp ZLZWRi_ﬁZﬂ 2175
N .
pi=1 BRl

Where, N, is the number of pebbles in the dataset, S ; is the value of the shape descriptor
estimated using the toolbox by Roussillon et al., (2009) for the i pebble and 5 ; is the
associated value estimated using the toolbox by Zheng and Hryciw, (2015).
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2. A method for segmentation of pebble images in the presence of shadows

2.5 RESULTS AND DISCUSSION

Out of the 1696 pebbles present in the sample, 1541 passed the visual inspection, meaning
that the outline produced by the model appeared to be perfectly matching the actual
pebble outline. In terms of visual inspection, therefore, the model allowed the accurate
segmentation of around 91% of the sample. To quantitatively assess its performance, the
outline of all pebbles that passed the visual inspection was also processed using the
toolboxes developed by Roussillon et al., (2009) and Zheng and Hryciw, (2015). The
same toolboxes were also used to analyse the outline of ground truth pebbles. Table 4
summarises the performances of the proposed segmentation model compared to ground
truth for each shape descriptor and for both toolboxes.

Table 2.4. Model results in terms of mean absolute error (E), standard deviation of the
absolute error (a) and mean absolute relative error (€) for elongation (e), circularity
(C) and roundness according to Wadell (Rw).

Model E, O

Ee E¢ O Ec Egw OEgy ERw

e

Zheng 0.006 0.021 09% 0.013 0.025 1.5% 0.044 0.038 7.5%

Roussillon 0.010 0.025 1.0% 0.007 0.015 0.7% 0.028 0.029 4.3%

Roundness is the parameter that showed the highest relative error, irrespective of the
toolbox used for the estimation of shape parameters. Results for elongation and circularity
showed instead good agreement with ground truth values. Table 2.5 provides the values
of the bias of the toolbox by Zheng and Hryciw (2015) with respect to the one by
Roussillon et al. (2009) for elongation, circularity, and roundness.

Table 2.5. Bias of the toolbox by Zheng and Hryciw (2015) with respect to the one by
Roussillon et al. (2009) for elongation, circularity and roundness, respectively.

Bias Ground truth Prob. Canny Analytical shapes
E7-Re 3.5% 3.7% 52.2%
&7-RcC 7.2% 7.4% 6.0%
E7_RRw 14.1% 12.9% 2.6%

Although the size of the sample is limited to eight shapes, the comparison of the outputs
of each toolbox with analytically computed shape descriptors suggests that the toolbox
developed by Zheng and Hryciw (2015) is more accurate than the one by Roussillon et
al. (2009) (see Table 2.6).
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Table 2.6. Error of the toolbox by Zheng and Hryciw (2015) and Roussillon et al.
(2009) with respect to analytical shapes for elongation, circularity, and roundness.

Error Zheng et. al. Roussillon et. al.
e 3.7% 38.2%
&c 3.9% 18.4%
ERw 8.9% 15.8%

Figure 2.4 provides a visual summary of these results: subplots a), ¢), and e¢) compare the
two toolboxes for shape descriptors estimation considered in this study, while subplots b),
d), and f) compare our Probabilistic Canny segmentation method with ground truth: the
“Quick selection tool” of Adobe Photoshop CC. In these plots, it is possible once more
to observe that, within the limits of our experiment, the choice of a certain toolbox for
shape descriptors estimation had a much higher impact on the overall accuracy than the
segmentation method used. These plots are also coherent with the comparison of results
reported in Table 2.4 and Table 2.5.

The time required to process an image with several pebbles depends on the number of
pebbles and the available computing power. As a reference, in the experiments presented
in this manuscript, using 16 GB RAM and 4 cores, 1.8 GHz CPU, an image with 39
pebbles was processed in around 12 minutes, including the time needed to visually assess
the quality of the segmentation of each pebble.

The accuracy of the Probabilistic Canny segmentation method presented varies depending
on the specific shape parameter used to assess it. In particular, the accuracy in terms of
elongation results to be the highest, with lower values for circularity and even lower for
roundness. This result provides quantitative evidence for the intuitive argument that the
impact of the segmentation method on the shape estimation accuracy increases with
increasing detail required to compute the shape descriptor itself.

The comparison of the results reported in Table 2.4 and Table 2.5 suggests that the bias
associated with the selection of one of the two computational geometry toolboxes is larger
than the error introduced by the use of the proposed Probabilistic Canny segmentation
method instead of the “Quick selection tool”.

In practical terms, these results can be relevant for studies aiming at correlating sediment
morphometry with attrition rates and/or transport, entrainment, and deposition conditions.
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Figure 2.4. a), c), e) Scatterplots representing the bias of the toolbox by Zheng and
Hryciw (2015) with respect to the one by Roussillon et al., (2009) for elongation,
circularity, and roundness, respectively. The legend is consistent for all plots.

Scatterplots b), d), and f) provide a visual assessment of the error between our

segmentation model and ground truth outlines, obtained with manual segmentation (see
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2.6. Conclusions and recommendations

They suggest that, when choosing which parameters to measure, the assessment of the
measurement error should account for both the segmentation method and computational
geometry tool used because their impact might be of comparable importance. In particular,
both factors seem to become increasingly important with the increase in the detail
required to compute a given shape property.

The proposed method is completely implemented in MATLAB ™

, and it can be coupled
with the computational geometry toolbox developed by Zheng and Hryciw, 2015. Given
its complete automation, the method, therefore, allows results to be reproducible. At the
same time, the method allows the user to visually check the quality of the segmentation
and to discard pebbles that cannot be correctly segmented. This setup provides a time-
efficient workflow since it removes the need to double-check the correctness of pebbles

segmentation at the end of the process.

2.6 CONCLUSIONS AND RECOMMENDATIONS

This paper presents a new method for the automatic segmentation of pebble outlines from
images collected during field surveys. The proposed model is applicable in a range of
shadows and contrast conditions and, although the background board used had a similar
hue to some of the pebbles, the model accurately segmented their outline. In terms of
accuracy, the outlines produced were, in 91% of the examined cases, indistinguishable
from true pebble outlines. Moreover, when compared against the herein-defined ground
truth, the method showed a comparable accuracy. There is, however, a bias between
different computational geometry toolboxes, which in certain cases can be higher than
the error between the proposed segmentation method and the ground truth. As a result,
when comparing sediment shape properties across environments or through time, the
effects of both the segmentation method and the geometry description toolbox need to be
taken into consideration, possibly through calibration and validation.

In terms of limitations, strong shadows or intergranular colour or texture changes might
limit the ability of the model to accurately segment pebble outlines. In this case, the
highest probability edge often occurs along the spurious interface between the
background board and the shadow or within the pebble, decreasing the accuracy of
automatic segmentation methods. For this dataset, only 9% of the samples presented the
aforementioned limitation.

Future research might consider investigating whether the object shape properties fall
within acceptable ranges and possible ways to decrease the probability of the edges
responsible for such out-of-range values. This approach needs to be tested and verified
against visual assessment. Moreover, the current work was based on images with a similar
resolution, following the guidelines of existing literature. Future investigations could
focus on the effect of different resolutions on segmentation accuracy.

31



2. A method for segmentation of pebble images in the presence of shadows

32



MODELLING SEDIMENT
CIRCULARITY IN MOUNTAINOUS
CATCHMENTS

A physically-based approach considering the heterogeneity
of the input sediments shape

Due to attrition, sediment particles become progressively rounder and lose mass as they
are transported downstream a valley. Modelling pebble shape evolution in natural
environments is challenging, and to date, no commonly recognised modelling framework
exists. This chapter presents a new conceptual, physically-based model to represent the
evolution of the shape of pebbles moving in mountainous rivers, represented by the
normalised isoperimetric ratio (IR,,). It is built by combining a geometrical relationship
between relative mass loss and IR,, with the empirical Sternberg Law, which defines an
exponential decay of particle mass with the travelled distance. The model was validated
using pebble shape data acquired by image analysis in the Sarzana Stream, Italy, where
two lithologies, arenites and metabasalts, with well-located outcrops, were used as tracers.
The results show that the proposed model is capable of successfully reproducing the
observed shape evolution of both lithologies for point and diffuse sediment sources.

This chapter is mostly based on: Cattapan, A., Katsanou, K., Piégay, H., McClain, M.,
Franca, M. J. Tracing Pebble Shape Evolution in Mountain Streams: A Physically Based
Model Incorporating Lithologic Heterogeneity. (Submitted), and will be referred to as
Cattapan et al., 2026, in the rest of the thesis.



3. Modelling sediment circularity in mountainous catchments

3.1 INTRODUCTION

Attrition is the process by which sediment particles lose mass due to impacts, and, in river
systems, it contributes to the production of fine particles (Kuenen, 1956; Attal and Lavé,
2009; Manga et al., 2011). Mass loss is also generally associated with changes in sediment
shape (Domokos et al., 2014). A wide range of shape parameters has been developed to
characterise sediment particles (Wadell, 1932; Barrett, 1980; Cassel et al., 2018).
However, the complexity of the underlying processes, combined with the heterogeneity
of environmental conditions and material resistance, continues to limit our ability to
model the evolution of sediment shape along a river network.

The attrition process in natural environments is complex because sediments move within
a turbulent flow. The flow conditions, which are variable, and the sediment characteristics,
such as the size, density, or shape, control the types of sediment motion, which can be in
suspension in the water column or sliding, rolling, and jumping near the bed (Pdhtz et al.,
2020). Particles moving only in suspension have sizes of the order of 1072 mm or smaller;
therefore, their kinetic energy is small, and they are subject to little attrition. On the
contrary, coarse particles can move by sliding, rolling, and jumping. These types of
motion lead to more exposure of these sediments to different types of attrition, which,
according to Novak-Szab¢ et al. (2018) can be classified, in order of increasing exchanged
energy, as: friction, chipping, and fragmentation. The transition from friction to chipping
is estimated to happen when the kinetic energy of the impacts E; equals the energy
thresholds for saltation, E,, which is of the order of E;~1073 . The transition from
chipping to fragmentation happens when the kinetic energy of the impact E; equals a
threshold value that, for quartzite particles with diameters 1073 m < D < 1071 m, is of
the order of Ef~100 J (Yashima et al., 1987). The range of energy conditions within
which chipping applies spans, therefore, around three orders of magnitude. Field data
from Turowski et al. (2013) and flume data from Larimer et al. (2021), suggest that the
probability of impact energies being outside the chipping range is extremely small,
supporting the argument that such an attrition process is the most common in fluvial
settings. Nonetheless, friction might have a non-negligible contribution in very low
energy environments, such as low-gradient river reaches (Szabd et al., 2013), while
fragmentation might become important in high-energy environments, like headwater
streams with slopes higher than around 10~ (Adams, 1979b; Attal and Lavé, 2009).

Aristotle provided the first known theory on the change of shape of natural sediments
(Ross, 1913). He conjectured that the velocity of inward motion of a pebble's surface is
proportional to its distance from the centre. This model translates into an integro-
differential equation known as distance-driven flow (Domokos and Léangi, 2018). More
recently, extensive literature has been published on modelling chipping as a geometric
problem (Domokos and Gibbons, 2012; Domokos et al., 2014), where the velocity of
shrinking of a pebble surface is proportional to its curvature.
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3.1. Introduction

This model is also an integro-differential equation called curvature-driven flow. Still, this
shape evolution can also be cast in a simpler framework, where the shape of the particle's
outline is simplified by considering only its three major axes (box equations). According
to the curvature-driven flow model, the effects of attrition on sediment size and shape can
be split into two phases (Litwin Miller et al., 2014): during Phase I, sharp corners and
edges are eroded, while the overall dimension of the particle remains unchanged; only
afterwards, during Phase II, a particle’s dimensions start to decrease, while its shape
changes at a slower rate. This theoretical framework has been successfully applied to
natural settings to describe the shape of fluvial sediment. Szab¢ et al. (2013) applied the
box equations to model the evolution of the size and shape of pebbles along the Williams
River, Australia, and obtained excellent agreement with field data. Although excellent
results were produced, the model has a significant limitation: its calibration and validation
require the measurement of the three axes of pebbles, which is very time-consuming,
since it is usually done manually. Litwin Miller et al. (2014) used the box equations,
calibrated through direct measurements, and shape parameters derived by image analysis
(e.g., convexity, circularity, and entropy of the curvature), to estimate the relative
importance of attrition and selective transport in the Rio Mameyes, Puerto Rico. Their
results showed that the shape parameters obtained by both direct measurements and 2D
images agreed with the trends predicted by the curvature-driven flow. In particular, the
curvature-driven flow predicts the isoperimetric ratio and the entropy of the curvature to
be monotonically increasing. This suggests the possibility of establishing a mechanistic
relationship between these shape parameters and the distance travelled by a particle along
a river (Szab¢ et al., 2015; Pokhrel et al., 2024).

As previously discussed, chipping is the most common attrition process in rivers, but
fragmentation might be significant in headwaters with slopes higher than around 1071,
On the other hand, curvature-driven flow models predict that the majority of the shape
changes take place during Phase I. The first objective of this work is to assess the accuracy
of a model for the evolution of circularity based on the assumptions of curvature-driven
flow in reproducing shape changes in steep headwater streams.

All existing evidence suggests that lithology has a significant impact on attrition rates and
shape changes (Litty and Schlunegger, 2017; Litwin Miller and Jerolmack, 2021; Pfeiffer
et al., 2022; Bray et al., 2024). In order to account for this effect, several studies have
tracked the shape evolution of specific rock types, but their monitoring never considered
sediment outcrops as initial points. The variability of the shape of newly produced
fragments was therefore not accounted for. The initial shape of pebbles as they enter the
river network can be considered as a boundary condition for their shape evolution along
a river.
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3. Modelling sediment circularity in mountainous catchments

Knowledge of this aspect becomes critical when trying to model the integrated effect of
sediment inputs from spatially distributed sources because it allows for assessing whether
outcrops of a given lithology can be assumed to produce fragments with a similar shape
distribution. To cover this gap by monitoring outcrops of the lithologies used as tracers,
and to provide insights into the distributions of shapes of their fragments, is the second
objective of this work.

Finally, since the pebble shape changes very rapidly in the initial stages of the attrition
process, small variations in travel distance, close to the outcrops, translate into significant
changes in their shape. The effect of multiple sediment sources, having different distances,
would therefore translate into a very noisy shape signal. In order to capture a mean
behaviour, most studies that used different rock types as tracers have considered
subcatchments with almost homogenous spatial distribution for their outcrops. In this way,
the strong shape variations that happen during the first kilometre of travel distance tend
to be smoothed out. A third research objective, therefore, involves the integration of
spatially distributed outcrops in a general model for the evolution of sediment shape along
ariver.

A conceptual, physics-based model to represent the changes of pebble shape in
mountainous streams, which agrees with the theoretical constraints deriving from the
curvature-driven flow and with the empirical evidence of exponential decrease in particle
mass along a river (Sternberg’s law), is herein proposed. The model uses the normalised
isoperimetric ratio as a shape descriptor: a property that can be easily measured through
image analysis. Moreover, it depends on only three parameters, which can be either
measured in the field through image analysis techniques (Cattapan et al., 2024) or
estimated by fitting field data. When applied to multiple source areas, the introduction of
a weight function, accounting for valley source dispersion, is used to estimate the relative
contribution of different sources to downstream locations.

A proof of concept of its application has been performed using field data from the Sarzana
Stream, Italy, where two lithologies, arenites and metabasalts, have clear, discrete
landscape sources. Sediments belonging to arenites and metabasalts were sampled
starting from their respective outcrops, which have limited spatial extent. This sampling
methodology allowed the establishment of a causal relationship between changes in shape
and distance travelled by the particles. This also allowed the assessment of the variability
of shape indices of freshly produced fragments, whose effect was accounted for by
applying the model to different percentiles of the shape distribution. Moreover, these
lithologies are expected to have very different mechanical properties, therefore allowing
the qualitative comparison of the effect of material “resistance” on the evolution of
sediment shape.
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3.2 THEORETICAL FRAMEWORK

3.2.1 Background

Sediment particles in a river are subject to a range of forces due to their interactions with
the fluid and other sediments. These forces vary in magnitude and frequency, depending
on particle-specific properties, such as their size and mechanical resistance, as well as
properties related to the transport environment, such as the hydrodynamics (Lamb et al.,
2017; Yager et al., 2018; Maniatis et al., 2020; Pierce et al., 2022). The stresses imposed
on sediment particles, therefore, may also vary in terms of their magnitude and frequency,
and may lead to their partial or complete breakage (Bodek and Jerolmack, 2021; Larimer
et al., 2022; Turowski et al., 2023). To upscale small-scale interactions at the grain level
to the scale of a river reach, simplifications are required to capture essential dynamics
while avoiding excessive parameterisation.

The study of sediment attrition in fluvial systems has a long-standing history (Wentworth,
1919; Wadell, 1932; Krumbein, 1941; Kuenen, 1956; Firey, 1974; Bloore, 1977; Kodama,
1994). A key empirical observation by Sternberg (1875) is the exponential reduction in
median particle size along the length of a river, expressed by equation 3.1.

D5y (x) = Dsg(x = 0)e™** 3.1

Where D5 is the median size of the sediment population at a distance x, from a chosen
reference point along the river, and k is the Sternberg coefficient, which controls its
spatial scaling, with units inverse to distance. Such observation has been repeated in
different settings (Surian, 2002; Frings, 2008; Szabd et al., 2013) and, albeit being
empirical in nature, this relation is often referred to as Sternberg’s law. Although in most
cases, the longitudinal decay of the median size of sediment could be explained using a
constant Sternberg coefficient, a spatially variable value has also been proposed (Adams,
1979b). The decay of sediment size along a river depends, though, also on the nature of
the sediment transport process itself. The transport of sediment by a moving fluid is a
process characterised by thresholds and strong nonlinearity. Thresholds refer to the fact
that a flow with a certain “strength” is only capable of entraining particles smaller than a
certain size. Nonlinearities refer to the fact that, once particles are in motion, the
relationship between the sediment transport rate and the fluid velocity can be
approximated by a power law with an exponent much larger than 2. The combination of
these two facts leads to smaller particles moving, on average, more frequently and
covering longer distances in the same amount of time, compared to bigger ones.
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3. Modelling sediment circularity in mountainous catchments

This phenomenon is referred to as “selective transport” and contributes to the empirical
observations that, further downstream, it is possible to find a higher proportion of smaller
particles. The empirical observation of Sternberg has therefore been attributed to a
combination of attrition and selective transport (Surian, 2002; Frings, 2008; Litwin Miller
et al., 2014), with these two processes having different relative importance in different
cases.

Since the exponential decay of sediment sizes can be attributed to the combination of
attrition and selective transport, it is relevant to assess which spatial trend should be
expected as a consequence of attrition alone. Litwin Miller et al. (2014) provided a
theoretical explanation assuming the variation of the mass of a particle, M, due to attrition,
to be proportional to its kinetic energy: C;—I\: o —Mug?. The velocity of a particle, ug, can
be considered proportional to the fluid velocity, us, (Lajeunesse et al., 2010) which in
turn varies very slowly with discharge (Parker, 1991). A particle’s velocity can therefore
be considered constant, in first approximation, which means that the distance it covered
is proportional to time: dx < us,dt. Consequently, de x —ugdx, which leads to an

exponential decay of the particle’s mass due to attrition alone:

M(x) x M(x = 0)e *a* 3.2

Where k, is the coefficient of Sternberg’s law accounting for the effects of attrition.
Additional evidence of an exponential decay of particles’ mass due to attrition (equation
3.2) comes from the results of discrete element models. In the experiments by Pal et al.

(2021), the mass M of a particle subject to impacts was found to decay exponentially with
the number of impacts, N;, multiplied by a certain threshold velocity v, required to

produce chipping, raised to an exponent a =2 (equation 3.3):
M « e~Niv§ 3.3

In channelised sediment transport, this may be interpreted as the cumulative kinetic
energy received from repeated N; impacts with velocity vy, against the boundaries and

other particles.

Finally, since both selective transport and attrition, independently, lead to an exponential
decay of particles’ masses, Sternberg’s coefficient, k, can be conceptualised as the sum
of two components: one due to selective transport, kg, and another due to attrition, k,
(equation 3.4) (Szabo et al., 2015).

k= ks + kg 3.4
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To summarise, particles’ attrition leads to their mass loss, which scales exponentially with

the distance they have travelled along a river course. In this respect, mass loss is usually

considered in relative terms: the relative mass loss of a particle that had an initial mass
-M

M,, and reached a mass M after a distance L, is defined as: u(L) = M;’W—
0

On the other hand, attrition also leads to particles changing their size and shape.
Relationships between the relative mass loss of a particle and its shape are called
geometric models of attrition. They suggest the possibility of linking the particle’s shape
to its relative mass loss, which can then be scaled spatially using an exponential function
as previously discussed. As mentioned in the Chapter 3.1, several geometric models have
been proposed (Domokos and Gibbons, 2018; Domokos and Langi, 2018) but curvature-
driven flow has proven capable of reproducing the evolution of a series of shape
parameters due to chipping in different fluvial contexts. According to this model, the
surface of a pebble will “shrink” (flow) under the effect of chipping, in such a way that
the velocity of shrinking v (locally normal to the surface) is proportional to the curvature
of the surface:

v=—c,(1+cyH +c;G) 3.5

Where H = %(kl + k,), is the mean of the two principal curvatures of the surface,

G = k,k,, is the Gaussian curvature, and c,, cy and c; are scaling parameters. The
application of equation 3.5 to model the shape evolution of sediments collected in the
field requires the acquisition of the 3D shape of each particle. This is because the principal
curvatures, k; and k,, are orthogonal to each other and, therefore, they cannot be
estimated using 2D images. Since the acquisition of the 3D shape of a large number of
particles requires expensive instruments, most studies use shape parameters that can be
measured using 2D images (Szabo et al., 2013; Pokhrel et al., 2024; Cattapan et al., 2024;
Takahashi et al., 2025b). In particular, the isoperimetric ratio IR, defined as:

_ 4TA

= 3.6
p2

where A is the particle’s projected area and P is its perimeter, measures how a 2D shape
differs overall from a perfect circle. This parameter is often also called circularity, and its
values are bounded between 0 and 1, only reached by a circle. Circularity is widely used
because a series of theoretical constraints are known on its relationship with the relative
mass loss u of a particle, under the assumption of curvature-driven attrition, equation 3.5
(Novak-Szabo et al., 2018). Specifically, the function IR = f(u), should exhibit a
vertical tangent for u = 0, a horizontal tangent for u = 1, be monotonically increasing,
and possess a negative second derivative, indicating convexity (Figure 3.1 b).
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3. Modelling sediment circularity in mountainous catchments

Out of these properties, the most important is the monotonic increase of circularity with
relative mass loss, because it implies a univocal relationship with travel distance. The
isoperimetric ratio has been used to estimate pebbles' travel distances on Mars (Szabo et
al., 2015) and is increasingly applied to terrestrial river systems (Pokhrel et al., 2024).
However, shape descriptors like the isoperimetric ratio may be influenced by particle
elongation and roundness (Roussillon et al., 2009;Quick et al. 2019). Elongation (e) is
defined as the ratio of the intermediate (1, ) to the longest (1, ) axis, while roundness relates
to the sharpness of its vertices. A smooth, but elongated particle may exhibit the same
isoperimetric ratio as a more angular one with elongation equal to 1. To remove the effect
of elongation, the normalised isoperimetric ratio is used:

IR
= — 3.7
IR, IR,
Where IR, is the theoretical maximum isoperimetric ratio for an ellipse with the same
elongation.
IR, = n(l; + 1) (1 +(3h/(10 + (4 - 3h)1/2))) 3.8
where
h = (ll - lz)z/(ll + lz)z 39

The normalised isoperimetric ratio has already been used by Quick et al. (2019) and
Pokhrel et al. (2024) to describe the rounding of conglomerates in the Himalayan rivers
and estimate their travel distance. However, in their monitoring, they consider entire sub-
catchments as contributing areas for the lithologies that were used as tracers. Without
tracking particles from their outcrops, it is not possible to estimate what their initial
circularity was for u = 0. This is important because it allows one to impose the theoretical
constraint of the vertical tangent of the function IR = f(u). For this reason, in the current
study, tracer lithologies were sampled starting from their respective outcrops, along
headwater streams. Monitoring headwater streams, with slopes close to 1071 also allows
us to assess the degree to which curvature-driven flow might be able to describe sediment
shape evolution in reaches where fragmentation might be significant.

The vertical tangent of f (1) implies that the circularity of particles changes extremely
rapidly for small values of mass loss. This means that the initial part of the path of a
particle is where it is subject to the sharpest change in shape. For this reason, two opposite
approaches are possible for data collection campaigns, depending on the objective of a
study. The first is the approach adopted by most field studies to date, and it involves using
tracer lithologies whose source areas are quite wide, extending over entire sub-catchments.
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These will be called diffuse sources. Doing this allows one to average the travel distance
of particles, coming from different parts of the sub-catchment, and smooth the initial
sharp changes of circularity due to particles having u = 0. One drawback of this approach
is that, without knowing the initial distribution of circularity of fragments produced by
the outcrops, the observed variability in sediment shape is fully attributed to different
mass loss values, and therefore to different travel distances, without considering the
inherent heterogeneity of IR at the sources.

An alternative approach is the one proposed in this study, which uses small outcrops of
lithologies that are relatively rare within a catchment and are monitored starting from
their outcrops. This allows the estimation of their initial circularity and the monitoring of
their sharp transition to a more circular shape. These will be called point sources.

3.2.2 Proposed model and research hypotheses

We propose a model for the spatial evolution of normalised isoperimetric ratio of pebbles
based on the following premises: the relationship between normalised isoperimetric ratio
and relative mass loss is assumed to agree with the constraints of curvature flow attrition;
and the mass of a particle is assumed to decrease exponentially with the distance it has
travelled, in agreement with Sternberg’s law. This exponential decrease represents one
possible spatial scaling for the attrition process, although alternative assumptions can be
easily implemented and tested. In the following, the term circularity, C, will be used, for
simplicity, as a synonym for the normalised isoperimetric ratio, IR,,. The model is based
on the following assumptions:

e A Lagrangian coordinate system is adopted, with the spatial coordinate, x, starting
from each source for the lithology of interest and following the direction of
steepest descent.

e Particles’ attrition is a consequence of their impacts during motion, while passive
attrition due to them being impacted by moving particles while remaining
stationary on the riverbed is neglected. Consequently, changes in particles’
circularity are assumed to depend only on their travel distance, irrespective of the
passing of time, t.

e Chipping attrition is the process responsible for the majority of mass loss of
particles, so that curvature-driven flow can be applied.

e The probability distribution of the normalised isoperimetric ratio of the fragment
at the sources is assumed to be independent of time and space. This means that all
outcrops of a given lithology are assumed to produce fragments whose IR,, has
the same probability distribution everywhere at any moment. This independence
can be summarised by the following relationship: Py (IR, |x,t) = Py(IR,,), where
P, represents the probability of IR,,, at the source for the lithology of interest.
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3. Modelling sediment circularity in mountainous catchments

e Particles have homogeneous mechanical properties, as can be the case when
considering a single lithology. If the variability in resistance among different
particles is negligible, their trajectories in the IR,,, u space can be assumed to
converge to a meaningful average behaviour.

The model aims to describe the evolution of pebble shape starting from their individual
point source. If the drainage area, at a certain position x, is characterised by the presence
of multiple sources; their relative contribution must be estimated.

This estimation should account for the fact that different outcrops might produce
fragments at different rates, as could be the case for streams with different stream power,
cutting through different outcrops. Moreover, bedload particles are known to diffuse as
they move downstream. Consequently, the relative contribution of sources located at
greater distances from the position x, should be smaller than that of closer sources, for
the same relative production. In the current application of the model, all outcrops are
assumed to produce fragments at the same rate, while the contribution of different sources
is assumed to decrease exponentially with their distance from the sampling location.

The probability distribution of particles' normalised isoperimetric ratio is independent of
their mass. This assumption implies the possibility to disentangle the effects of attrition
and selective transport because particles’ selection as a function of the flow “strength”
happens primarily based on their mass, and shape has a second-order effect (Cassel et al.,
2021; Deal et al., 2023).

The proposed model is based on a superelliptical relationship for the function between
circularity and relative mass loss (IR = f(u)). This functional relationship was chosen
to satisfy the theoretical constraints outlined in Chapter 2.1, meaning a vertical tangent
for ¢ = 0, a horizontal tangent for 4 = 1, monotonic increase for increasing p, and
convexity; and to ensure dependency on the smallest number of measurable parameters:

(CC‘_CO)a 4 (M)a —1 3.10

max ~ CO Umax

Where C,,, 4, refers to the theoretical maximum value that € can attain: 1 in the case of a
perfect circle, 4, 1S the maximum value that the relative mass loss can potentially
achieve, which is 1 when a particle is completely dissolved due to attrition, C; is the initial
circularity of particles produced by an outcrop, and finally, the exponent a controls the
rate at which particles' circularity increases as a function of relative mass loss. This
parameter will hereafter be referred to as the rounding coefficient (Figure 3.1 b).

As discussed in Chapter 3.2.1, mass loss scales with the cumulative energy imparted by
collisions. In the fluvial context, the spatial scaling of mass loss due to chipping is
assumed to follow an exponential decay with travel distance, L:
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3.2. Theoretical framework

u(L) =1—ekat 3.11

Where k, is the attrition coefficient, representing the balance between the energy
delivered to the particles and the lithological unit's resistance to abrasion (Figure 3.1 a).
This parameter reflects both the environmental energy (e.g., impact velocity and
frequency) and the lithological properties of the sediment, potentially parametrised
through quantities such as the brittle attrition number (Litwin Miller and Jerolmack, 2021).
At present, k, can only be determined through the fitting of field measurements. While
decoupling the dependency on material and environmental factors is feasible, it lies
beyond the scope of this work. Once such a decoupling is achieved, the proposed
framework could allow for predictions of particle shape evolution based solely on
measurable properties.

By combining equations 3.10 and 3.11, the resulting model provides a physically
grounded formulation for estimating the circularity of coarse sediment particles (Figure
3.1¢):
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Figure 3.1. Graphical representation of the proposed model. a) Increase of relative
mass loss with distance according to the Sternberg Law. b) Proposed superelliptical
relationship between normalised isoperimetric ratio and relative mass loss. c)

Combination of a) and b).
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3.3 METHODS

3.3.1 Study area

The Sarzana Stream, a small alpine tributary in the middle reach of the Piave River basin
(north-eastern Italy), was selected to test the performance of the proposed model. This
alpine stream is 8.7 km in length and drains a catchment of approximately 25.2 km?2.
Elevations range from 2872 m a.s.l. at the summit of Mount Agner to around 563 m a.s.l.
at the confluence with the Cordevole Torrent, with a mean elevation of approximately
1413 m a.s.l. The catchment has a SW-NE orientation and is bounded by the dolomites
of the Agner group on the northwest side (hydrographic left-hand side) and the gentler
slopes of the Col Alt and Col Armarolo on the southeast side (hydrographic right-hand
side), with elevations around 1527 m a.s.l. (Figure 3.2).

The morphology of the catchment is highly asymmetric, with the northern side accounting
for 18.6 km? and an average slope of 72%, compared to 6.6 km? and 44% on the southern
side. Forests cover approximately 68% of the catchment, with coniferous and broadleaf
species representing 38.4% and 23.1% of the area, respectively (European Union,
Copernicus Land Monitoring Service, 2018). The climate is classified as Cfc under the
Kopen classification, with mean annual temperatures between 3.3°C and 13.1°C, annual
precipitation of about 1391 mm, and maximum annual evapotranspiration of 564 mm
(Barbi et al., 2013).

The Sarzana Catchment is geologically shaped by the Alpine Orogeny, with bedrock
comprising predominantly Mesozoic sedimentary and volcanic formations. Arenites
(sandstones), formed in marine environments during the Jurassic—Cretaceous, are
widespread, while metabasaltic outcrops, interpreted as ophiolitic remnants of the Tethys
Ocean, are locally present alongside interbedded marls and limestones. According to the
Veneto Region lithological map (2016), sandstone, siltstone, and conglomerate units
cover ~3.1% of the catchment, and metabasalts and metavolcaniclastic rocks ~0.7%, with
just two localised outcrops (Figure 3.2). The limited extent of these types of rocks and
their different mechanical properties make this catchment an ideal setting to evaluate the
proposed model for coarse sediment shape evolution in mountainous river systems.
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3. Modelling sediment circularity in mountainous catchments

3.3.2 Data collection

Outcrops of different lithologies were identified using the official digital map “Database
of the different lithologies that make up the territory of the Veneto Region scale 1:250,000”
(2016), and verified in the field. This database consists of a polygon shapefile, providing
the position and extent of the different lithologies within the Veneto Region, of which the
Sarzana Catchment is part. This map illustrates seven arenites outcrops and two
metabasalts outcrops within the Sarzana Catchment. Field observations confirmed that
sediment sources of these lithologies are limited to the banks of minor creeks, eroding
through the outcrops, with negligible diffuse inputs, which were not observed during this
study (Figure 3.4 a-d).

For the metabasalts, one outcrop is located on the upper side of the catchment and is
intersected by two small creeks on the hydrological right-hand side, which act as point
sources. The first, location 4 (Figure 3.2), is situated at a distance of approximately 6140
m from the outlet, along a creek identified as Val. d’Uglioni, the second (location 6 in
Figure 3.2) is at a distance of around 6010 m from the outlet. The second outcrop is
located along the Sarzana Stream, at a distance of approximately 667 m from the outlet.
There, it was not possible to clearly separate newly produced fragments from the
metabasalts transported from upstream. Therefore, only the most upstream outcrop and
all locations upstream of the second outcrop were considered for the calibration of the
proposed model. These sampling locations define the calibration path for metabasalts,
which includes locations 4, 5, 9, 10, 11, 12, 14, 15, 18, and 19.

For the arenites, seven outcrops are located both on the left-hand side of the catchment
and along the Sarzana Stream itself. The most upstream point source sampled was chosen
due to accessibility constraints, and is part of the second most upstream outcrop (location
1 in Figure 3.2). The set of locations composing the calibration path for arenites was
locations 1, 2, 3, and 12. Moreover, two additional arenite sources were sampled: one
along the Sarzana Stream, location 15, and one on a tributary, location 16. Given the
presence of seven arenite outcrops, additional locations were sampled to assess the
model’s performance in the presence of multiple point sources (locations 13, 14, 15, 16,
17,18, and 19).

In six locations along the Sarzana Stream (locations 11, 12, 15, 18, 19, and 20), sediments
representing a mixture of all available lithologies were collected using the Wolman
pebble count method (Figure 3.3).

Sediment shape data were obtained from digital image analysis. Pebbles were collected
during surveys between April 2019 and April 2024. Within the channel, particles were
sampled from bars and in riverbeds during low-flow conditions.
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Each particle was washed to remove dust or vegetation, dried with a cloth to avoid
reflection, and placed on a white background with its maximum projected area facing
upwards. A scale was included in each image for accurate scaling. Image processing
followed the methodology of Cattapan et al. (2024) (Figure 3.4 e-h). Shape analysis was
conducted using the model developed by Zheng and Hryciw (2015).
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Figure 3.3. Elevation profile and sampling locations. Median and standard error of
grain size of the bed material.

Arenite and metabasalt outcrops cover a very small portion of the catchment area;
therefore, their relative contribution to the overall sediment flux is limited. As a
consequence, their relative presence in the riverbed material is also limited, and, in most
sampling locations, it was difficult to find a high number of tracer particles. The analysis
presented here is based on a total of 449 arenite particles from source locations, 797
arenite particles from non-source locations, 105 metabasalt particles from metabasalt
sources, and 659 metabasalt particles from non-source locations. The average number of
particles sampled per location is 96, 51, and 125 for Arenites, Metabasalts, and mixed
lithology samples, respectively. A detailed summary of the dataset is provided in Table
Ala-Ald.

Sampling coordinates were acquired using an RTK GNSS receiver (Emlid RS3).
Distances between sites were computed along the steepest descent, using a 5x5 m digital
elevation model (DEM) from the Veneto Region (derived from Lidar;
https://idt2.regione.veneto.it/).
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The spatial extent of both lithological units was determined using the previously
mentioned polygon shapefile “Database of the different lithologies that make up the
territory of the Veneto Region scale 1:250,000,” (2016). For each sampling point,
intersections between local drainage catchments and mapped lithological outcrops were
computed to identify which point sources contributed to each sampling location.

Figure 3.4. a—b: Outcrop of metabasalts, with boundaries highlighted by dashed blue
lines. c—d: Outcrop of arenites, also delineated by dashed blue lines. e,g: Photographs
of metabasalts (e) and arenites (g) taken at their respective source sites. f,h:
Corresponding processed images.

3.3.3 Selection of the Shape Parameter

Several parameters have historically been proposed to characterise sediment shape, and
the image analysis method used in the field campaign provides a wide selection of them
(Cattapan et al., 2024). Since the objective of this work is to propose and test a
mechanistic relationship between sediment shape and their travel distance, the chosen
parameter needs to be a monotonic function of the mass lost by the sediment. The
selection of which shape parameter presented a closer evolution to that of a monotonic
function was done by plotting their longitudinal evolution for one point source of
metabasalts and visually comparing their behaviour (Figure 3.5).
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Figure 3.5. Longitudinal evolution of grain shape indices for: a) metabasalts, and b)
arenites.

No statistical test was needed, since the normalised isoperimetric ratio (IR,) clearly
showed the most continuously increasing trend. The selection was based on the
metabasalts data because the spatial extent of their outcrop is very limited, which
translates into very similar travel distances. Therefore, the evolution of shape parameters
reflects primarily the relationship between shape and mass loss, being less affected by the
variability of travel distances.

3.3.4 Modelling approaches

The image analysis does not allow tracking the shape evolution of individual particles.
The proposed model 3.12 is therefore applied to reproduce different statistics of the
distribution of the shape parameter. Three modelling approaches are then used to answer
three research questions.

Model for mean cross-section shape parameter for single-sourced lithologies
(approach M1)

Initially, the model is applied to estimate the average of IR,, from single point sources.
For each lithology (arenites and metabasalts), one point source is considered (locations 1
and 4 in Figure 3.2, respectively), while the set of locations composing the calibration
path for each lithology can be found in the Chapter 3.3.2. In this case, the rounding
coefficient a is assumed to depend solely on lithology, while the attrition coefficient k,
is considered constant across the river network, consistent with Sternberg’s Law. This
modelling approach allows for assessing how well the proposed model can reproduce the
evolution of mean particles’ circularity and will be referred to as M1.
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3. Modelling sediment circularity in mountainous catchments

Model for cross-section shape parameter percentiles for single-sourced lithologies
(approach M2)

Since the curvature-driven flow model predicts an asymptotic convergence of particles’
shape, the proposed model (equation 3.12) is also applied to different percentiles of the
distribution of IR, , for the same locations used in M1. In this case, the rounding
coefficient a can vary across different percentiles, while the attrition coefficient k, is
considered constant across the river network. In this way, it is possible to assess whether
the initial distribution of IR,, tends to converge or disperse, and which is the relationship
between the initial circularity of pebbles at their source and their rounding coefficients.
The percentiles used are 5%, 10%, 20%, 30%, 40%, 50%, 60%, 70%, 80%, 90% and 95%.
This modelling approach will be referred to as M2.

Model for mean cross-section shape parameter for spatially distributed lithology
sources (approach M3)

Finally, since there are multiple arenite outcrops within the catchment, the proposed
model (equation 3.12) is then applied to represent the evolution of the average IR,, along
the Sarzana Stream, considering multiple point source locations. These point sources are
used to simplify the spatial distribution of arenites outcrops. This modelling approach
will be referred to as M3.

3.3.5 Model parametrisation

Calibration of the model parameters is carried out in the modelling approaches M1 and
M2 but since the model is applied to different statistics of the distribution of IR,,, namely,
the mean of IR,, in M1 and different percentiles of IR, in M2, the calibration procedure
will be described using the generic term “shape parameter”.

The error function is defined as the difference between the measured value of the shape

parameter at each sampling location i, denoted IR;';°, and its modelled counterpart

IR™??, which is a function of the calibration parameters a and k,: Error = IR]'¢S —
IR (a, ky).

The optimisation consisted of the minimisation of the Root Mean Squared Error (RMSE),
which is chosen as the objective function. This is defined as (equation 3.13):

N
1 2
RMSE (a, k) = Nz (1R7es — IR0 (a, ky) ) 3.13

i=1

Where the sum is performed over the N sampling locations composing the calibration
path for a given lithology, as described in the Chapter 3.3.2.
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The optimisation procedure followed a trial-and-error approach: parameters a and k, are
sampled from a uniform and exponential distribution, respectively (Table 3.1 and Figure
A2 in the Annexes), and the RMSE for each parameter combination was computed. The
set of parameters a and k, that minimised the RMSE is then selected as the optimal

configuration.
Table 3.1. Model parameter ranges used for calibration.
Parameter Unit Min  Max Spacing Distribution
a [-] 0.1 10 0.01 uniform
Ka,exponent [-] 0.0 10 0.01 uniform
k, = 10~ kaexponent [km™'] 1.0 10  variable exponential

3.4 RESULTS

3.4.1 General sedimentological characterisation

Samples having mixed lithology, collected using the Wolman pebble count method, show
that the riverbed is composed mostly of pebbles and coarse gravel. The median grain size
has an almost constant value of 49.6 mm in a range of distances between 5.7 and 2.6 km
from the outlet. At a distance of approximately 1.6 km from the outlet (location 19 in
Figure 3.3), the median grain size increases to 59.3 mm, but it soon decreases to 47.4 mm,
after around 900 m.

The relatively small size of the samples did not allow splitting the datasets by size to
analyse the IR, of homogeneous size classes. Nonetheless, the correlation between
dimensional metrics (longer and intermediate sizes, surface area, and perimeter), and the
normalised isoperimetric ratio was computed using Pearson’s r coefficient and its
significance was tested with a t-test, using a significance level @« = 0.05.

Results show that, for both lithologies, IR,, is weakly correlated with any dimensional
metric (see Table 3.2). This supports the hypothesis that, for this case study, the
distributions of sediment shape and size are independent, so that selective transport has a
negligible effect on the sampled distributions of sediment shape.

One aspect of novelty of this study involves the analysis of the shape of fragments
produced by outcrops, which are used as sediment sources.
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Table 3.2. Pearson’s correlation coefficients (r) and p values for correlations with
normalised isoperimetric ratio and sediment size metrics.

Lithology Parameter Area[mm?] Perimeter [mm] 1, [mm] 1, [mm]

r -0.109 -0.250 -0.214 -0.184
Arenites
p 0.00012 3.7E-19 2.4E-14 6.4E-11
r -0.091 -0.167 -0.110 -0.154
Metabasalts
p 0.01066 2.5E-06 0.00210 1.5E-05

For each lithology, IR, values in point source locations are compared to those in non-
source locations. First, IR,, distributions are tested for normality using an Anderson-
Darling test, with a significance level @ = 0.05. Results lead to rejecting the null
hypothesis of normality of all distributions. To compare the median of IR, for source
locations versus non-source locations, a Mann-Whitney U-test is then performed, with
the same significance level. Results lead to rejecting the null hypothesis of same median
values for the two distributions.

This suggests that the median IR,, in source locations are significantly different from non-
source locations (Figure 3.6 a and b). Moreover, the same statistical analysis is performed
to compare IR, values for source locations of arenites against metabasalts. Results
suggest that the median IR,, in source locations is specific to each lithology (Figure 3.6
c). A similar test leads to the same conclusion for non-source locations: the median IR,
in non-source locations are different for arenites and metabasalts (Figure 3.6 d).

After this initial analysis, where data are grouped based on their origin in source and non-
source, irrespective of their sampling location, data are analysed in more detail. For each
lithology, distributions of IR,, are compared for all possible pairs of sampling locations,
using an Anderson-Darling test. This test assumes, as the null hypothesis, that the
distribution of IR, in two sampling locations is the same, and this is rejected if the p <
a = 0.01. Results indicate that, in almost all cases, the distribution of normalised
isoperimetric ratios in source locations is significantly different from that in non-source
locations. The only exception to this is represented by the comparison of the distributions
of IR, in location 4, which is a source of metabasalts, against location 7, which produced
ap = 0.26. The distance between these two locations is only around 180 m, therefore,
although the attrition process produces very fast initial changes in sediment shape, this
distance is too small to lead to a significant change in the IR,, distributions (see Figure
A1l and Table A2 and Table A3 for the results of these tests).
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This shows that the distribution of IR, in locations where particles have already been
subject to a certain degree of mass loss is significantly different from the distribution in
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Figure 3.6. Cumulative distribution plots to test for normality. Dot-dashed lines
represent values for normal distributions. a) Comparison of arenites source and non-
source locations; b) Comparison of metabasalts source and non-source locations, c)

Comparison of source locations, d) Comparison of non-source locations.

Overall, field data suggest that each lithology possesses a distinct signature in terms of
the normalised isoperimetric ratios of the sediment fragments produced at the source. As
a result, when modelling the evolution of particle shape using the normalised
isoperimetric ratio, the initial distribution of this parameter should be specified according

to the local lithology.
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3.4.2 Model for mean cross-section shape parameter for single-
sourced lithologies (approach M1)

In the modelling approach M1, one single point, location 4, is considered as a source for
metabasalts. The minimisation of the RMSE for the average normalised isoperimetric
ratio yields a rounding coefficient, a. of 5.94. This indicates a highly nonlinear
relationship between metabasalts' shape and their relative mass loss. In contrast, the
optimal attrition coefficient, k, , is approximately 1x1073 km-1, suggesting that
metabasalts, due to their resistance, lose mass very slowly relative to the distance travelled
along the river network (Table 3.3). As a reference, this means that in order to experience
a relative mass loss of 10%, metabasalt particles would have to cover around 105 km.

The Mean Absolute Percentage Error (MAPE) of 0.64% indicates a good agreement
between the model predictions and the observed values of normalised isoperimetric ratio
(Figure 3.7).

Table 3.3. Optimised model parameters for averages of metabasalts.

Figure 3.7. Model calibration results for metabasalts. a. Longitudinal evolution of the
average normalised isoperimetric ratio along the calibration path; b. Scatter plot of
modelled versus measured normalised isoperimetric ratios.

For arenites, one single point, location 1, is considered as a source for the calibration of
model parameters in M1. The minimisation of the RMSE for the average normalised
isoperimetric ratio results in a rounding coefficient, a, of 5.71, indicating that the shape
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of these particles evolves just a bit slower with respect to relative mass loss compared to
metabasalts. In contrast, the optimum attrition coefficient is approximately 0.017 km-1,
suggesting that arenites, due to their lower mechanical strength, lose mass over a very
short travel distance, an observation consistent with field evidence (Table 3.4). As a
reference, this means that, in order to experience a relative mass loss of 10%, arenite
particles would have to cover around 6.2 km, which is the same order of magnitude as the
length of the Sarzana Stream.

The Mean Absolute Percentage Error of 0.34% confirms the model’s strong ability to
reproduce the observed values of the normalised isoperimetric ratio (Figure 3.8).

Table 3.4. Optimised model parameters for averages of arenites.
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Figure 3.8. Model calibration results for arenites. a. Longitudinal evolution of the
average normalised isoperimetric ratio along the calibration path; b. Scatter plot of
modelled versus measured normalised isoperimetric ratios.
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The comparison of the parameters’ optimisation for arenites and metabasalts indicates
that the relationship between normalised isoperimetric ratio and relative mass loss seems
to be characterised by a similar rounding coefficient, a. On the contrary, the spatial
scaling of mass losses is very different for the two lithologies, with the attrition
coefficients, k,, that differ by around one order of magnitude. This difference agrees with
the intuitive expectation of higher resistance to attrition of metabasalts with respect to
arenites. Plots of the objective function and of its minimum are provided in the Annexes.

3.4.3 Model for cross-section shape parameter percentiles for
single-sourced lithologies (approach M2)

In this modelling approach, the sampling locations used to calibrate the model parameters
are the same as in M 1. The minimisation of the RMSE of the percentiles of the normalised
isoperimetric ratio requires further explanation. In this case, the attrition coefficient, k,
is assumed to be uniform for the whole river network, while different percentiles of IR,
were allowed to have different rounding coefficients. The algorithm is set up in this way:
first, a value for the attrition coefficient, k,, is sampled from the exponential distribution
(Table 3.1). While keeping k, constant, the model is applied to all percentiles, sampling
the attrition coefficient, a, from a uniform distribution (Table 3.1). For each value of a,
the RMSE is calculated for that percentile. The value of the rounding coefficient, a, that
minimised the RMSE of a given percentile and for the current value of the attrition
coefficient, k,, is identified. This process is repeated for all percentiles and, summing
their respective minimum RMSE, it is possible to find an overall RMSE, associated with
the current value of the attrition coefficient, k,, and with a set of rounding coefficients,
a, one for each percentile. After cycling over all k, values, it is possible to find the global
minimum, therefore, the attrition coefficient, k,, and the set of associated rounding
coefficient values, a, that, overall, minimises the RMSE.

Application of the model to the percentiles of metabasalts normalised isoperimetric ratio
results in slightly higher RMSE for small and large percentiles, while for percentiles close
to 50%, results are coherent with those obtained in M1, where the model is applied to
reproduce the averages of IR,, (Figure 3.9 a,b). This observation leads to a reflection on
the relationship between IR,, and travel distance. Particles with low initial values of the
normalised isoperimetric ratio are expected to provide the most information about the
relationship between shape evolution and the travel distance because they are the ones
with more potential for shape change. At the same time, though, they exhibit ample shape
fluctuations compared to those with an average initial circular (Figure 3.9 a,b).

56



3.4. Results

Interestingly, the optimal parameter values obtained in M2 differ from those obtained in
M1, even when comparing the parameters for the average with those for the median
(Table 3.5). This discrepancy arises because the optimisation algorithm aims to minimise
the overall error across all quantiles, resulting in a compromise solution rather than the
optimal parameter set for any single percentile.

Table 3.5. Optimised model parameters for metabasalts quantiles.

Percentile Co a k, [km™1] RMSE MAPE
5% 0.73 4.73 0.00065 0.015 1.285%
10% 0.76 5.07 0.00065 0.009 0.776%
20% 0.80 5.27 0.00065 0.012 1.130%
30% 0.81 5.75 0.00065 0.011 0.865%
40% 0.83 6.23 0.00065 0.011 0.915%
50% 0.83 6.94 0.00065 0.009 0.829%
60% 0.84 7.50 0.00065 0.007 0.577%
70% 0.86 7.84 0.00065 0.006 0.473%
80% 0.88 7.70 0.00065 0.009 0.710%
90% 0.89 8.88 0.00065 0.011 0.808%
95% 0.91 10.00 0.00065 0.010 0.662%

Application of the model to the percentiles of arenites normalised isoperimetric ratio
results in an even lower RMSE. The introduction of an additional degree of freedom to
the model, in the form of a variable rounding coefficient, enabled a more accurate
representation of the shape parameter distribution (Figure 3.9 ¢,d). Moreover, as observed
for metabasalts, the optimal parameters’ values for the median differ from those obtained
when modelling the average (Table 3.6).
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Table 3.6. Optimised model parameter for arenites quantiles.

Percentile Co a k, [km™1] RMSE MAPE
5% 0.77 4.25 0.02512 0.006 0.475%
10% 0.79 4.45 0.02512 0.008 0.629%
20% 0.82 4.52 0.02512 0.008 0.605%
30% 0.84 4.46 0.02512 0.010 0.654%
40% 0.86 491 0.02512 0.003 0.197%
50% 0.86 5.41 0.02512 0.006 0.434%
60% 0.88 5.50 0.02512 0.006 0.460%
70% 0.88 6.49 0.02512 0.004 0.263%
80% 0.89 7.54 0.02512 0.001 0.045%
90% 0.91 7.67 0.02512 0.001 0.085%
95% 0.93 8.32 0.02512 0.001 0.102%

58



3.4. Results

0.70
0.00

c)1.00

0.75

1.00 2.00 3.00 4.00
Distance from sediment source [km]|

5.00

0.00

0.50 1.00
Distance from sediment source [kim]

1.50

e
o0
&

Modelled IR,, |-]
e
00
S

=
P
o
Y

0.70 :
0.70 0.7

d)1.00

e o e
o) © ©
&> S bt

Modelled IR, |-]

e
o
S
J

0.75

5 0.80 0.85 0.90 0.95 1.00
Measured IR, [-|

0.75 0.

0.85 090 095 1.00

Measured IR, [-]

80

Figure 3.9 Model results for quantiles of normalised isoperimetric ratio of metabasalts
(a, b) and arenites (c, d). Left: Longitudinal evolution of selected quantiles. Right:
Scatter plot comparing modelled versus measured normalised isoperimetric ratios. The

dashed 1:1 line serves as a reference.
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3. Modelling sediment circularity in mountainous catchments

3.4.4 Model for mean cross-section shape parameter for
spatially distributed lithology sources (approach M3)

The “Database of the different lithologies that make up the territory of the Veneto Region
scale 1:250,000” (2016) shows seven arenites outcrops within the Sarzana Stream
catchment. This spatial configuration allowed the application of the proposed model to
reproduce the shape evolution consequent to distributed inputs. In order to explicitly
model the evolution of sediment shape deriving from spatially distributed inputs, one
should compute, for each location x along a river course, the set of all travel distances
between x and each outcrop pixel included in the local drainage area. This detailed
description is quite complex and not justified, given the uncertainties related to the
outcrops’ extent present in the available lithological map. Different outcrops are therefore
simplified according to two criteria: the areas most contributing with arenites particles to
the Sarzana Stream are assumed to be the banks of streams cutting into the mapped
outcrops. A buffer of 10 m around stream features is used to define the spatial extent of
these contributing areas. This produces a set of areas, each of which is further simplified
and treated as a point source. This simplification procedure produced sixteen point
sources and is done to seek a balance between the realism of the representation of the
spatial variability of the inputs and the treatability of the system.

The model is set up in this way: for each position located at a distance x from the outlet,
the upstream contributing point sources are identified. Particles are assumed to enter the
network with an initial normalised isoperimetric ratio equal to the average obtained by
field measurements in source locations: C, = 0.860. For each of these sources, the
equation 3.12 is used to estimate the shape that particles would have reached after having
covered a distance £ equal to the distance between the considered source area and the
position x. Upstream sources are not equally contributing in terms of arenites sediments
to a downstream location, but their relative importance decreases with increasing distance
L. In other words, the further away a source is from the position x, the less its contribution
will be to the average shape of sediments found there. This is due to two main facts: the
first is diffusion; bedload sediments are known to disperse while they move, and this
dispersion implies that their relative presence in the riverbed decreases for longer
distances. The second reason is that, since particles decrease in size due to attrition, some
might become smaller than the smallest size sampled using the imaging method employed
here. This truncation of the population of upstream contributing sources increases moving
downstream, since a bigger proportion of particles can be expected to fall below the
minimum size threshold. This process might be significant for less resistant rock types,
like arenites, which can be estimated to lose around 10% of their mass in around 6 km of
travel distance (see Chapter 3.4.2). Both processes, therefore, contribute to the decrease
in the relative importance of further away sources. To account for these phenomena, a
weighing function is introduced, estimating the relative contribution of source areas
located at a distance £ using an exponential probability density function:
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1 ¢
P(L)=7e 3.14

Where A is the parameter of the distribution; it has the same unit of distance £ and will
be referred to as the weighing coefficient. The average normalised isoperimetric ratio,
IR,,, of arenites at a distance x from the outlet is therefore computed as the weighted
average of upstream sources' contributions ( equation 3.12), using 3.14 as weights:

IR, (L)HPL(L)
?’:1 PL(LI)

3.15

IRn(x) =

Where the sum is performed over all N source areas located upstream of the position x
along the network, and travel distances £; are equal to the distance between the i*" source
and the position x. The optimum value for the parameter A is found by minimising the
RMSE between the measured arenites’ normalised isoperimetric ratio in the Sarzana
Stream and model results. The minimisation is done through a trial-and-error algorithm,
where A is allowed to vary between 50 and 5000 m, with a spacing of 1 m. The minimum
RMSE 0t 0.017 is obtained for a value of A equal to 709 m (see Figure S5 in the Annexes).
This means that the relative contribution of a source located at a distance higher than 2124
m is lower than 5%.

3.5 DiscussioN

3.5.1 Initial shape of fragments at sediment sources

While fragments produced by a series of brittle fracture processes have been shown to
exhibit universal size and shape characteristics (Domokos et al., 2015), circularity was
not among the parameters showing such behaviour. Some studies showed the dependence
on lithology of the circularity of rock fragments produced by blasting in mine settings (Li
et al., 2021). Other studies showed the difference in shape in natural gravel, compared to
blasted rock fragments (Liu et al., 2025). The quantitative description of the shape of
fragments produced in natural settings and their dependence on lithology has received
less attention. The field data presented in the current study agree qualitatively with the
previously mentioned results because the comparison of the shape distribution of
fragments collected at their respective source locations suggests the existence of a distinct
shape signature for each lithology. This observation merits further investigation,
including a broader range of lithologies and an assessment of potential dependencies on
mechanical properties and weathering conditions of the exposed outcrops. At the same
time, this observation suggests the importance of using lithology-specific values of
normalised isoperimetric ratio as boundary conditions when modelling the shape
evolution of sediment in rivers.
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3.5.2 Effect of lithology on spatial scaling of attrition

The results of the modelling approach M1 demonstrated that the model is capable of
accurately reproducing the shape evolution of both lithologies, achieving MAPE values
of 0.64% and 0.34% for arenites and metabasalts, respectively. Moreover, the values of
attrition coefficients, k,, estimated by model calibration against field data, show that
arenites are expected to undergo a significantly higher mass loss than metabasalts for the
same travel distance. Qualitative field observations might be misleading in this regard,
because the initial size of arenites fragments is significantly smaller than that of
metabasalts. As a consequence, one might be tempted to conclude that, since arenites
particles are rarely found in sizes comparable to those of metabasalts, they undergo a
faster mass loss, while they might be preferentially entrained and transported by the flow
due to their smaller initial size, on average. These results are qualitatively in agreement
headwater streams. Nonetheless, they report a significant dependence of sediment shape
on their size, which was not found in our data. In this respect, future research should solve
a practical problem: the assessment of the combined effect of lithology and shape requires
stratifying the sample into multiple subsets. This requires a large enough dataset, while,
at the same time, in order to guarantee the source to be small enough to be considered as
a point source, its relative contribution to the overall bed material would have to be small.
The development of a sampling strategy that allows solving this dichotomy would
represent a significant step forward.

3.5.3 Rounding rate and its dependence on the initial shape of
fragments

The optimisation of model parameters performed in M1, concerning averages of IR,,,
produced similar values for the rounding coefficient, a, of arenites and metabasalts, with
slightly bigger values for the latter. This is in contrast with the values obtained in M2 and
cannot be statistically verified. Moreover, the graph of the RMSE (see Figure A5.3 and
Figure A5.4 in the Annexes) shows that this is more sensitive to changes in the attrition
coefficient, k, than in the rounding coefficient, a. This implies that possible uncertainties
in the estimation of a are expected to produce smaller effects on the estimation of IR,,,
compared to uncertainties in the attrition coefficient.

The results of M2 indicate that, for both lithologies, the values of the rounding coefficient,
a, tend to increase for higher percentiles of /R,,. This means that fragments with an initial
shape close to a circle tend to get round faster than originally less circular ones, for the
same mass loss (Figure 3.10). This supports the intuitive interpretation that the nearer a
particle is to a perfectly round form, the easier it is to increase its circularity by chipping
off a small number of protruding edges. In this respect, recent results suggest a similar
interpretation.
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suggests that rounder particles at the sources tend to get rounder faster. In that case,
authors could attribute the effect to particle size, which was not found to be significantly
correlated with circularity, in the dataset of the current study.

Furthermore, for each quantile examined, metabasalts consistently display higher
rounding coefficients than arenites. This implies that, for the same amount of relative
mass loss, metabasalts tend to become rounder faster. A possible explanation is that, in
the case of weaker materials such as arenites, the attrition process may fall outside the
limits of applicability of the geometrical model, with fragmentation playing a greater role.
This hypothesis deserves further investigation through controlled laboratory experiments.
Nonetheless, the monotonic increase of the normalised isoperimetric ratio observed in the
field data supports the model’s applicability (Figure 3.10).

10 - .
@® Arenites R
9 L ® Metabasalts ,/
4
8 a = 0.1527+557200 /, .
i R? — 0.9357 .. ,
° ’/ ® ° ‘./
4 ’
— T .
e ) ..
c@ ,’ . P rs
6 i ' s ’
- L ] ’
. ° . - < [ ]
ot °_ - e
L4 e -
Phe ° e ® ° -
4+ g ¢ e a = 0.0566>351C
. R? = 0.8594
3 ‘ | | . |
0.7 075 08 08 09  0.95
Co [-]

Figure 3.10. Relationship between the initial circularity of particles and the rounding
coefficient.

3.5.4 Modelling sediment shape from point and distributed
sources

As shown in Chapter 3.3.2, in the modelling approach M1, the model parameters are
calibrated using four sampling locations 1, 2, 3, and 12, reported in Figure 3.11-a, without
considering the outcrops located upstream of location 1. When assessing the combined
effect of distributed sources, the model (equation 3.12) is applied to each point source
location, using for a and k,, the values obtained in M1.
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3. Modelling sediment circularity in mountainous catchments

The evolution of IR,,, for each point source is represented in Figure 3.11-a by a dashed
blue line. Although the model is calibrated using only data relative to the point source 1,
it is also able to capture the evolution of IR,, for the source 16, where field data are
collected along a tributary to the Sarzana Stream. The superelliptical relationship has a
vertical tangent for u = 0, which allows the IR,, to grow very rapidly from the values
observed at arenites and metabasalts outcrops (0.86 and 0.83, respectively), to the higher
values observed both along tributaries as well as along the Sarzana Stream. Unfortunately,
no theoretical relationship between IR, and u is known to the authors for the case of
fragmentation. Therefore, it is not possible to assess the relative contribution of
fragmentation and chipping to the changes of shape that take place along steep headwater
streams. Moreover, particles in locations 2 and 17, which are placed at a similar distance
from their respective sources, have very similar IR,,, suggesting the consistency of the
shape evolution for arenites close to their outcrops.

The model for multiple sources (3.15) is represented in Figure 3.11-a by a red line. It is
possible to note that the model can reproduce quite well the spatial evolution of particles’
shape from distributed sources. Nonetheless, in location 18, a significant drop in
circularity is present, which is not captured by the model. This might be due to the
presence of an arenite source that is not mapped in the lithological map with a scale of
1:250.000. The proposed model could be used, in this case, to estimate the maximum
distance upstream of location 18 where such an unmapped source could be located,
therefore turning the model into a diagnostic tool. Using the coefficients reported in Table
3.4 it is possible to estimate that the unmapped arenites source should be placed within
250 m upstream of the sampling location 18.

The integrated effect of spatially distributed sources produces a very noisy signal of
normalised isoperimetric ratio (Figure 3.11). The small number of available sampling
locations does not allow for the accurate estimation of the weighing coefficient and its
dependencies on lithology and transport conditions. A spatially denser set of measures,
possibly in different case studies, could provide more insights into these aspects.

Finally, the conclusions drawn here are subject to the hypothesis that the lithology
database used covers all existing outcrops for the lithologies considered. Additional
outcrops might impact the numerical values of model parameters estimated, but during
the field campaign, no additional outcrop was found.
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3. Modelling sediment circularity in mountainous catchments

3.5.5 Test of an alternative geometric attrition pattern

The model presented in this study is developed to reproduce the average behaviour of
particle shape evolution. When applied to different percentiles of the IR,, distribution, it
is assumed that each subset of the population would evolve along its own trajectory in the
U, IR, plane. This means that the slope of the curve IR, = f(u), for u = 0 may vary
across percentiles (Figure 3.9-a and Figure 3.10-a) or, in other words, the initial rate of
change of circularity is dependent on a particle’s initial shape. More interestingly, this
means that the rounding rate of a particle that is born more circular, is different from that
of a particle that was born less circular, but has reached the same IR,,, after a certain mass
loss p. If confirmed, this modelling approach, which could explain well all percentiles of
IR,,, would mean that the chipping attrition process is not only state-dependent, because
the rate of change of IR,, depends on p, but also dependent on initial conditions, because
the rate of change of IR,, depends on IR, (1 = 0). This deserves further investigation in
controlled laboratory experiments.

An alternative approach is also tested, in which a single, universal attrition relationship is
assumed. The parameters a and k, are estimated by fitting only the lowest 10%
percentile of the shape distribution. This curve is assumed to represent the shape-mass
loss relationship for each percentile, so that a particle that is born with an initial value of
circularity would get rounder at the same rate as another one that is born less circular, but
that would have reached the same IR,, after attrition. Although this alternative functional
relationship appears intuitively appealing, it failed to reproduce the field data.

3.6 CONCLUSIONS AND RECOMMENDATIONS

The objective of this chapter is to model the shape evolution of coarse particles subject to
attrition in mountainous river systems. The model presented uses the normalised
isoperimetric ratio as a shape descriptor, and it shows good agreement with field data
when applied to two different rock types: arenites and metabasalts.

Field data indicate that the probability distribution of normalised isoperimetric ratio at the
source is lithology dependent. Lithology also plays a critical role in determining the value
of the attrition coefficient, which controls the spatial scaling of the attrition process. The
rounding coefficient obtained by calibration assumes more similar values for the two
lithologies, compared to the attrition rate, which varies by more than one order of
magnitude.

When the model is applied to different percentiles of the shape distributions, the rounding
rate is directly proportional to the normalised isoperimetric ratio of fragments at the
sources.
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These two last observations highlight the importance of accounting for the heterogeneity
of sediment shape produced by outcrops when modelling the evolution of sediment shape.

The modelling approach that shows the best agreement with field data for different
percentiles of the shape parameter considered implies that the rounding rate of a particle
subject to attrition depends both on its initial shape and on how much mass it has lost up
to that moment. The physical interpretation of this dependency is not yet fully understood
and warrants further investigation, ideally through laboratory experiments.

The model was also able to reproduce the shape trends observed in the case of spatially
distributed sources, provided the introduction of a weighing function whose objective is
to account for the diffusion of bedload particles and the truncation of the sample
population, which both lead to a smaller relative contribution of more distant sources.

Future applications of the proposed model to a wider range of lithologies and transport
environments could enable a more complete assessment of how model parameters depend
on the mechanical properties of sediments and the energy regime of the transport
environment. Finally, the monotonicity of the proposed equation opens up the possibility
of inverting the model to statistically estimate particle travel distances, with potential
applications across different lithologies.
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ON THE ESTIMATION OF SEDIMENT
TRAVEL DISTANCE BASED ON
THEIR SHAPE

This chapter presents two approaches for using shape to infer the distance pebbles have
travelled since their entrance into the river network. First, a model for the estimation of
the sediment normalised isoperimetric ratio is introduced. Subsequently, a deterministic
method to infer travel distances is proposed, and its accuracy and precision are presented.
The sensitivity of the proposed method to model parameters is also discussed. Finally, a
probabilistic method, formulated within a Bayesian framework, is introduced. This
approach incorporates a prior probability distribution of sediment travel distances, which
is subsequently updated based on the available information on sediment shape.
Advantages and limitations of both methods are discussed, and possible approaches to
test them in field conditions are provided



4. On the estimation of sediment travel distance based on their shape

4.1 INTRODUCTION

The identification of river sediment sources is essential for addressing and mitigating
contamination problems (Domingo et al., 2023), directing conservation efforts (Xu et al.,
2022), and making informed decisions on river basin planning and management (Schleiss
et al., 2016; Ito et al., 2023). A variety of techniques, based on different sediment
properties, have been developed to achieve this (Williamson et al., 2014). Examples
include the physical properties of sediments, such as colour, size, texture; mineralogical
and geochemical properties, for example, the presence of specific minerals; cosmogenic
and fallout radionuclides, which can provide information on the sample age; and stable
isotopes, which can be used to identify the land use of source areas. These properties are
often used in combination to leverage their ability to provide different types of
information on the source areas (Collins et al., 2017).

Sediment sources may also be classified according to their type (e.g., surface vs.
subsurface; forested vs. agricultural, etc.) or their spatial position and extent (e.g., a
specific sub-catchment or a geological formation). This distinction is important because
the capacity of a chosen method to achieve the desired classification depends not only on
the properties selected but also on the underlying spatial variability of the sources of
interest and, potentially, on their temporal variability in sediment production (Juez et al.,
2018; Collins et al., 2020). Moreover, the selection of sediment sources is usually made
a priori (Collins et al., 2017), which implies that the classification is limited by the initial
selection of sources, and the methods used do not allow for the identification of new
sources that were not included in the original list.

Although these techniques provide valuable insights, most are only applicable to fine
sediment (Chapkanski et al., 2020), and relatively little work has been undertaken on
fingerprinting sediment in mountainous catchments with coarser particles (Carretier and
Regard, 2011). An additional layer of complexity in such environments relates to the
definition of source areas. In lowland rivers, sediment sources are typically distinguished
by land use and land cover, or by surface versus buried material (e.g., stream bank
material eroded without prolonged exposure to the atmosphere) (Xu et al., 2022). Their
spatial configuration is therefore relatively simple, with each source clearly distinct and
covering a significant area. By contrast, in mountain rivers, the heterogeneity of geology
and land cover results in a far more complex spatial distribution of sediment sources. For
these reasons, an effective set of properties for identifying sources in mountain and
piedmont rivers is still lacking.
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Recent technological developments now permit accurate measurements of sediment size
and shape using field imagery (Roussillon et al., 2009; Hryciw Roman D. et al., 2016;
Tunwal et al., 2020; Cattapan et al., 2024). These developments, combined with findings
on sediment attrition, which link particle shape to the relative mass lost during transport
(Domokos et al., 2014; Szabo et al., 2015; Pal et al., 2021), open up the possibility of
using sediment images to estimate travel distance.

This chapter explores the potential use of sediment shape as a fingerprinting property,
focusing on the coarser grain-size fraction of mountain and piedmont rivers. Here, the
term fingerprinting carries a slightly different meaning from its conventional use:
sediment shape enables inference of a particle’s travel distance rather than its source. For
example, a particle whose shape is measured at a given point in the river may yield an
estimated travel distance, yet multiple tributaries might exist at that same distance from
the sampling site (Ito et al., 2023). Sediment shape, therefore, provides information only
on travel distance, while precise identification of the source area would require coupling
this with other properties (Niu et al., 2019).

Beyond its scientific interest, this approach is motivated by the potential to use sediment
travel distances for the calibration and validation of sediment connectivity models
(Heckmann and Schwanghart, 2013; Khan et al., 2021; Tangi, 2023). Such models, which
represent sediment transport through a river network in a simplified form, characterise
the composition of both sediment fluxes and bed material in terms of relative
contributions from upstream reaches. They thus establish the degree of connectivity from
upstream to downstream reaches and vice versa. Because these models aim not only to
simulate transport rates but also to quantify relative source contributions, calibration and
validation cannot rely on transport rates alone. Multiple connectivity configurations may
yield the same observed rates, a phenomenon known as equifinality (Beven and Binley,
1992; Schmitt et al., 2018b). In this respect, the probability distribution of travel distance
derived from field-based shape measurements offers an additional constraint, allowing
comparison with connectivity model outputs and supporting calibration and validation.

To evaluate the accuracy and usefulness of such travel distance estimates, a theoretical
model linking sediment shape to travel distance is required. This study applies the model
proposed in Chapter 3, which successfully reproduced the evolution of sediment shape,
expressed by their normalised isoperimetric ratio, along the Sarzana Stream, an alpine
catchment (25 km?) in north-eastern Italy. Using data from this system, two approaches
for estimating travel distance are compared. The first infers travel distance from the
ensemble averages of sediment shape distributions across locations (Szabo et al., 2015;
Pokhrel et al., 2024; Gehringer et al., 2025). The second employs a Bayesian framework,
beginning with prior assumptions of possible travel distances for particles at a given site,
and refines these estimates through sediment-shape data (Davies et al., 2018).
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4.2 THEORETICAL BACKGROUND

The model proposed in Chapter 3 establishes a mechanistic relationship between
sediment shape and travel distance, using the normalised isoperimetric ratio (IR,), as a
shape parameter. The isoperimetric ratio, /R, of a particle is defined as: IR = 4PL2A , where

A is its projected area and P its perimeter. This ratio measures how similar a planar shape
is to a perfect circle, which has the maximum value /IR = 1. The term isoperimetric ratio
is also referred to as circularity (C) in the geophysical literature.

The elongation of a particle (e) is defined as the ratio between its intermediate (l,) and
longest (l;) dimensions. Since the maximum value of the isoperimetric ratio that a
particle can achieve depends on its elongation, the normalised isoperimetric ratio was
introduced to allow comparisons between particles with different elongations. The
normalised isoperimetric ratio of a particle (IR,,), is defined as the ratio between its IR
and its theoretical maximum value, IR;, for an ellipse with the same elongation:

IR, = % 4.1
t
where
IR, = n(ly + 1) (1 + (3h/(10 +(4— 3h)1/2))) 4
and
h= (= 1L)?*/ +1,)? 4.3

In the remainder of this document, the normalised isoperimetric ratio, IR,,, will also be
referred to simply as circularity, C, for ease of reading.

The model proposed in Chapter 3 assumes that, due to attrition, particle circularity

changes as a function of the amount of mass lost, consistent with the theoretical

constraints of the curvature-flow model (Pal et al., 2021). To describe this relationship, a

superelliptical function was chosen to link circularity to the relative mass loss, u, defined

as the ratio of mass lost during transport over distance £ to the particle’s initial mass, M:
M, —

M
W) = —— 4.4

where M is the particle mass after traveling a distance L. The relationship proposed in
Chapter 3 is:
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C—Co \* NG
<_0) + (M) —1 45
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Where C,,,, 1s the theoretical maximum value that C (equal to 1 for a perfect circle),

Umax 18 the maximum relative mass loss (equal to 1 for complete dissolution by attrition),
C, is its initial circularity, and a is the rounding coefficient, which controls the rate at
which circularity increases with mass loss.

The spatial scaling of relative mass loss is assumed to follow Sternberg’s law, which
predicts an exponential decay of particle mass. Rewritten in terms of p, this becomes:

u(L) =1—eFat 4.6

Where k, is the attrition coefficient, with units inverse of those of £. By combining
equations 4.5 and 4.6 the following expression for circularity as a function of travel
distance is obtained:

1

1— e—kaL Aa
C(L) = Co + (Cmax — Co) l1 - (1 - —) l 47

.umax

Overall, the model depends on three parameters: C, the ensemble-average normalised
isoperimetric ratio of fragments at the sources (measurable in the field), a is the rounding
coefficient and k,the attrition coefficient. The latter two parameters can be obtained
through calibration, which was done using shape data for arenites and metabasalts pebbles
from the Sarzana Stream, Italy. One localised sediment source has been identified for
each lithology, allowing the estimation of C,, while a and k, were chosen to minimise
the root mean square error between model estimates and measured sediment shape at
multiple locations downstream of their respective source.

This relationship successfully reproduced the ensemble average circularity of sediments
from both lithologies. Moreover, it could also reproduce different percentiles of the
circularity distributions through an appropriate selection of the rounding coefficient a,
which appeared to be correlated with the pebbles’ initial circularity, C,.

The model parameters obtained after calibration, together with the associated values of
Root Mean Square Error (RMSE) and Mean Absolute Percentage Error (MAPE), are
reported in Table 4.1. Figure 4.1 illustrates the goodness of fit of equation 4.7 against
field data and shows that the standard deviation of particle circularity, o, tends to
decrease, consistent with the curvature-driven attrition model. However, a Mann—Kendall
test indicated that this trend is not statistically significant at the o= 0.05 level (p =0.0736
for metabasalts; p = 0.0894 for arenites). This slow decline in variability has implications
for estimating travel distances, as will be explained later.
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Figure 4.1. Comparison between field-measured and modelled circularity. Error bars

indicate the standard error of the mean. The right-hand vertical axis shows the
standard deviation of circularity. a) Metabasalts, b) Arenites.

Table 4.1. Optimum model parameters obtained by minimising the RMSE of the
normalised isoperimetric ratio for each lithology.

Lithology Co a k, RMSE MAPE
Metabasalts 0.83 5.94 0.00100 0.007 0.640%
Arenites 0.86 5.71 0.01698 0.004 0.336%

4.3 METHODS

4.3.1 Deterministic method for average travel distance

Equation 4.7 provides an estimate of the circularity, C, attained by a particle that entered
the network with an initial circularity C,, after traveling a distance, L. At first glance, it

might therefore appear possible to invert this function to estimate the travel distance of

any particle sampled along a river, based on its observed circularity (Pokhrel et al., 2024;
Gehringer et al., 2025). However, sediment fragments produced by outcrops do not share
a unique initial circularity, C,. Different particles may thus display different circularities

after traveling the same distance £, Conversely, a particle exhibiting a given circularity

C may have traveled different distances depending on its initial value of circularity. As a

result, knowledge of a particle’s shape alone is insufficient for a deterministic estimate of

its travel distance.
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4.3. Methods

Field evidence presented in Chapter 3 indicates that fragments produced by outcrops of a
given lithology tend to have an initial circularity whose distribution is characteristic of
that lithology. This observation allows equation 4.7 to be applied not to individual
particles, whose initial circularities remain unknown, but to the average shape of an
ensemble of particles sampled at a distance £ from their source. The ensemble average of
circularity for fragments derived from outcrops of a given lithology can be considered
constant and lithology-specific (Domokos et al., 2015). It can therefore be approximated
by the average value of C, measured directly in the field.

Under this assumption, equation 4.7 can be inverted to estimate the average travel
distance of an ensemble of particles sampled at a given point along a river, based on their

L

[ _((C)—(Co>) ]“

u 1

max Crnax — (C0>

where the ensemble averages of particle shape are denoted by the symbol ( ). In this
equation, L represents the average travel distance of an ensemble of particles sampled at
a given location along a river, with an average circularity (C). Figure 4.2 illustrates how

the average travel distance, and its derivative with respect to the circularity, vary as
functions of the ensemble average of particle circularity (equations 4.8 and 4.11).

average circularity:

15 a) 1150
— £ﬂof etabasalts
— — £Arenites
= - = . 0L
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B JR—
Q
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Figure 4.2. Travel distance and its derivative with respect to circularity, computed using

Equations 4.8 and 4.11, respectively.
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4.3.2 Probabilistic method for probability of travel distances

Although the equation expressing circularity as a function of travel distance (equation 4.7)
appears to provide a deterministic relationship between circularity and travel distance,
this is not the case because C is not a deterministic quantity, but a random variable.
Consider measuring the circularity of a pebble at a given location along a river and
obtaining a value of C; equation 4.7 does not allow estimation of its initial circularity C,
unless the travel distance £, is known, and vice versa. Thus, equation 4.7 establishes a
mapping between three random variables, Cy, C and L, for an ensemble of particles. If
one focuses on an individual particle and treats two of these variables as fixed (in a
conditional sense), then equation 4.7 allows computation of the third.

This is the case, for example, when the distribution of initial circularity is known and
assumed constant within the source areas, while the distribution of circularity C is known
from field measurements. Under these conditions, the problem of estimating the travel
distance of a particle sampled at a given location, with given circularity, can be
formulated in a probabilistic framework.

Let us define a Lagrangian spatial coordinate, x, with origin at a sampling location along
a river, where data on the normalised isoperimetric ratio of particles, IR, are available.
The coordinate x extends upstream along the steepest descent and maps the position of
each point, x; in the contributing catchment (Figure 4.3).

The setup of a Bayesian framework requires defining the prior distribution of travel
distances, which expresses the initial belief about the possible sources of the particles
under consideration (Cooper and Krueger, 2017; Davies et al., 2018). Defining the prior
involves two steps: selecting the domain of all possible sources and discretising this
domain into individual elements. In the most general case, the domain of all possible
sources is composed of the set of all points within the catchment, draining to the sampling
location. If additional information regarding the sediment measured is available, such as
geological or lithological maps showing the outcrop areas of the lithology of interest, the
domain can be restricted to the intersection of these areas with the drainage area.

Once the domain of possible sources is defined, the prior probability distribution of travel
distances can be estimated, as a first approximation, using a frequentist approach. The
domain can be discretised into elements at an appropriate scale, with each element
assigned a representative travel distance to the sampling location. The prior distribution
of travel distances, P;(L), can be approximated by the relative frequency of elements
located at that distance from the sampling site:

Nnse(L)
Pr(L) =— 4.9
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Where n, (L) is the number of discrete source elements located at a distance £ from the
sampling site, and Ny, is the total number of elements used to discretise the domain of all
possible sources. The domain may be discretised either in terms of catchment areas, using
two-dimensional (2D) source elements (pixels), or in terms of river network segments,
using one-dimensional (1D) source elements of a specified unit length. The choice of
discretisation depends on the characteristics of the case study and the research objective.

Figure 4.3 provides a schematic representation of source elements defined as 2D areas
and illustrates their characterisation in terms of distance using the Lagrangian coordinate
X.

11°59'16" 11°59'15" 11°59720" 11°59°25" 11°59'30"

Sampling Locations Fiow Accumulation Steepest Descent ’ 2 b 5

1000 sl

Metabasalts outcrops

¥

Figure 4.3. Schematic of the reference system used based on the Sarzana Stream case
study presented in Chapter 3.3.1. The lithology considered is metabasalts, whose
outcrop is shown in green. Dashed squares show a hypothetical discretisation of the
source area. Lagrangian distances (x) from the sampling location 10 are shown as red
lines. The left line indicates the distance to a possible source element, while the right
line indicates the distance to sampling location 7.
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4. On the estimation of sediment travel distance based on their shape

The background map shows flow accumulation, with pixel colour proportional to
drainage area, and is used to determine the flow paths of particles originating from each
source element. In practical applications, 2D source elements may correspond to
individual pixels in a raster map, while 1D source elements may be defined as consecutive
one-meter segments along a vector representation of the river network. Once the prior
distribution of travel distances has been defined, the distribution of sediment shape for
each source element must be estimated. Field evidence suggests that the distribution of
normalised isoperimetric ratios of fragments produced by outcrops can be considered
lithology-specific and spatially invariant. Consequently, the same distribution of initial
circularity of fragments, P,(C,), can be assigned to each source element.

To summarise, the information available at this stage is:

e P.(C) which is the probability of sediments having circularity C, at the sampling
location (x = 0), obtained from field measurement.

e P (L) which is the prior probability of travel distances L of particles with
circularity € in x = 0, estimated as described previously.

e Py(Cy) which is the probability distribution of the circularity of fragments
produced by each source element, measurable in the field.

The key idea in applying Bayes' theorem is to use information on sediment shape to

update prior beliefs regarding the distances travelled. This relationship can be expressed

as:

Pc(CIL)PL(L)
Pc(C)

where P.(C|L) is the conditional probability of a particle’s circularity C, given that it has

P.(L|C) = 4.10

travelled a distance L. In Bayesian terminology, this term is called the likelihood, and it
represents the probability of observing the sample data, given a particular value of the
state variable £. To update the prior distribution, the likelihood must be reformulated in
terms of measurable quantities.

This can be achieved by introducing two functions. The first, C = f(Cy, £) is the
deterministic relationship describing the evolution of the shape C, of a particle that
entered the river network with an initial circularity C, and subsequently travelled a
distance L. This corresponds to equation 4.7, but here the explicit dependence of a particle

shape on its initial circularity is highlighted.
1

1-— e—kaL Ata 411
C(Co,L)=Co+ (Crax—C) |1 - ({1 ——— = f(Co, L) )
max

The second function, C, = g(C, L) is the inverse of f(Cy, £) and therefore it is also
deterministic. It expresses the value of the initial circularity C; that a particle must have
had in order to reach circularity C after travelling a distance L.
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1
_ ,—KqL\%]a
C_Cmax[l_(l_M) ]

u
Co(C, L) = e (WY 4.12
1-1[1-= (1 _M>a]a
.umax

The probability distribution of the circularity of fragments produced by each source
element, P, (C,), can therefore be rewritten using equation 4.12 as P, ( g(C, L)). Since the
transformation functions, f(Cy, £) and g(C, £) are deterministic, this approach assumes
that if a particle originated with a circularity €, and travelled a distance £, its final
circularity must be f(Cy, £). Conversely, if a particle currently exhibits a circularity C
after travelling a distance £, then its initial circularity must have been g(C, L) .
Consequently, the conditional probability of a particle’s circularity, given that it travelled
a distance L, P-(C|L), is equal to the probability of it having had an initial circularity C,
such that, after a distance £, it would reach the observed value C. By definition, this is

P, ( g(C, L)) |ag;i’ﬁ)|, where % is the Jacobian of the transformation. This represents

the likelihood of observing a circularity C given that the particle travelled a distance L:

dg(C, L)

Pc(C1L) = Po(g(C;L))

c Co Co

Pc (‘C)

p, (L)Y

PL(L) P(L)

Figure 4.4. Schematic representation of the relationship between prior probability,
likelihood and posterior probability.
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Figure 4.4 provides a schematic representation of the Bayesian approach. The function
g(C, L) is represented by the green line, which indicates the initial circularity a particle
must have had in order to reach a circularity C, depending on its entrance point. The term
P, ( g(C, L)) denotes the probability of observing such an initial circularity. The scheme
also highlights that, although P,(C,) does not vary spatially, the function g(C, £) acts as
a filter: for different distances from the sampling location, it selects the values of initial
circularity that contribute to the observed final circularity C. Conversely, f(Cy, £) is
shown by the red lines, representing the trajectories of shape evolution of particles with
different initial circularities that have travelled different distances L.

The joint probability of C and L can therefore be expressed as:
Pcc(C,L) = Pc(ClLP(L) 4.14
Therefore, the marginal probability of a particle’s circularity C can be computed by

integrating over all possible values of travel distance L:

Lmax

P (C) = f Peo(C, L)AL 415

0

Where L,,,, represents the maximum distance from which a particle could have come,
and it can be computed using equation 4.7 by setting C, = 0. By substituting equations
4.13 and 4.15 into Equation 4./0, the update rule for the probability density of travel
distances is obtained.

9g(C,L
Pe(CIOPLL) _ Po(g(C, L))| g )|PL(L)
PC(C) maxP ( (C L)) |ag(C L)|PL(L)dL

P.(LIC) =

Finally, by integrating over the observed values of circularity, the updated marginal
probability distribution of travel distances can be obtained.
1
PL(L) = j P(LIC)PL(C)dC 417
0

Equation 4.7 provides an estimate of the distribution of travel distances of particles by
integrating the available information on their sources, through the choice of the prior,
with the information on their shape, measured at each sampling location.

Its practical application in the field requires measurements of the normalised
isoperimetric ratio of fragments produced by the outcrops of the lithology used as a tracer,
as well as of sediment shapes at different sampling locations. Tracers equipped with
tracking devices (e.g. RIFD or active UHF transponders) could also be used, provided
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they share the same mechanical properties and their initial circularity is known (Liébault
et al., 2023).

4.4 APPLICATION OF THE DETERMINISTIC MODEL

4.4.1 Accuracy

Measurement methods are usually characterised by their accuracy and precision
(Menditto et al., 2007). The accuracy of equation 4.8 in reproducing the average travel
distance of an ensemble of particles was evaluated using RMSE and MAPE. The results
are presented in Table 4.2 and, visually, in Figure 4.5-a and Figure 4.5-c. They indicate
that the accuracy of travel distance estimates is considerably lower than that achieved for
estimates of sediment shape (Table 4.1).

Table 4.2.Errors in the estimated average travel distances for metabasalts and arenites.

Lithology RMSE [km] MAPE
Metabasalts 0.940 63.5%
Arenites 0.208 31.0%

This result is not unexpected, because the function C(L£) (equation 4.7) has a horizontal
asymptote for L — oo (Figure 4.1) and consequently, its inverse (equation 4.8) has a
vertical asymptote for C = 1 (Figure 4.2). This implies that, as the ensemble average
circularity increases, estimates of travel distance become increasingly sensitive to
uncertainties in the measurement of particle shape.

These uncertainties may arise from two main sources. The first is measurement error,
which is assumed to be independent of the value of circularity C and is therefore not
discussed further. The second is the inherent variability of particle shape, represented by
the standard deviation of C at different locations. This effect is particularly evident for
metabasalts (Figure 4.1-a and Figure 4.5-a). In this case, because the measured
normalised isoperimetric ratios were not monotonically increasing, the estimated average
travel distance was also not monotonic, an unrealistic outcome, unless additional
metabasalt sources exist that were not identified during the field campaign.

While RMSE provides an aggregated measure of error in the estimation of travel distances,
assessing the practical usefulness of the method requires an evaluation of how accuracy

changes with increasing distance from the outcrops. To this end, for each location i, the
absolute A, and relative &, errors were computed as follows:
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Api= L7 — L] 418

= o 4.19
lees .

Op,i
Where L]*® denotes the average travel distance measured along the steepest descent path
from the source to each sampling location i; while £; represents the average travel
distance estimated using equation 4.8. Results are presented in Table 4.3 and Table 4.4
for metabasalts and arenites, respectively.

Table 4.3. Accuracy metrics of the method: absolute and relative errors in travel
distance estimates for metabasallts.

Lithology Loc.i Lies L; Agi Oci
[km] [km] [km] [%]
Metabasalts 4 0.000 0.000
Metabasalts 5 0.048 0.014 0.035 71.48%
Metabasalts 9 0.298 0.143 0.155 52.04%
Metabasalts 10 0.502 1.005 0.503 100.13%
Metabasalts 11 0.659 0.927 0.268 40.65%
Metabasalts 12 0.934 2.973 2.038 218.11%
Metabasalts 14 1.259 0.857 0.402 31.92%
Metabasalts 15 2.133 2.155 0.022 1.04%
Metabasalts 18 3.576 1.783 1.793 50.15%
Metabasalts 19 4.574 4.827 0.253 5.53%
Average 0.547 63.5%
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Table 4.4. Accuracy metrics of the method: absolute and relative errors in travel
distance estimates for arenites.

Lithology Loc.i Lmes L; Ap; Oc,i
[km] [km] [km] [%]

Arenites 1 0.000 0.000

Arenites 2 0.076 0.103 0.027 35.1%

Arenites 3 0.438 0.278 0.160 36.6%

Arenites 12 1.521 1.843 0.322 21.2%

Average 0.170 31.0%

The relative error of travel distance shows a mildly decreasing trend, although it fluctuates
considerably between locations, particularly for metabasalts, reaching about 5.5% at a
distance of about 4.5 km from the source, and about 21% at a distance of about 1.5 km

from the arenite source (Figure 4.5-b and Figure 4.5-d, respectively). This decrease is not
the result of reduced absolute error but rather reflects the increasing denominator in

equation 4.19.

In summary, as the distance from the source increases, the method improves in terms of

relative error, but not in terms of absolute error.
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4.4. Application of the deterministic model

4.4.2 Precision and practical constraints

The shapes of sediment fragments produced by outcrops can vary considerably. Although
the theory of curvature-driven attrition suggests that particle shapes should asymptotically
converge (Pal et al., 2021; Havasi-T6th and Fehér, 2025), the circularity distribution of
particles sampled in the field still displays variability (Figure 4.1).

To assess the influence of this variability in particle shape C, on the estimation of the
average travel distance L;, at each location i, the derivative of £ with respect to
circularity was computed for each sampling location using equation 4.11:

e (=)

- T 4.20
ka({C;) = {Co)) (1 - (%) )a

where (C;) denotes the ensemble average of normalised isoperimetric ratios of particles
at location i, and (C,) the ensemble average at their source. Given the standard deviation
of measured circularity at each location, o ;, the associated standard deviation of travel
distance, o ;, was obtained using equation 4.21:

oL
Oci = |% Oc,i 4.21

The relative standard deviation, €, ;, was then used to quantify the uncertainty of travel

distance estimates at each location i, modelled with equation 4.21, as a result of the
inherent variability in sediment circularity:

o' .
€r; = f 4.22
l

However, € ; only reflects variability at the specific sampling sites where circularity

measurements were available. To evaluate how the uncertainty of travel distances evolves

with increasing distance from outcrops, the relative standard deviation must be expressed

as a continuous function of travel distance.

For this purpose, the mean standard deviation of circularity across all sampling locations
. : Ce 1

was used as a representative metric of expected variability: o, = N—SlZ?{;i oc i» where Ng;

is the number of sampling locations. The relative standard deviation of travel distance
was then computed as a continuous function of £, using equation 4.23 :
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2
ac
L

ac 4.23

€ =

Figure 4.5-b and Figure 4.5-c show that the relative standard deviation of travel distance
predicted by equation 4.23 decreases only very slowly. This is particularly evident for
metabasalts, where the results of equation 4.23 are in close agreement with field data
(Figure 4.5-b). This behaviour occurs because, as discussed previously, none of the terms
in the numerator of Equation 4.23 decreases significantly with increasing travel distances.

. oL . ) ) .
In the case of arenites, 5 increases with C and, therefore, with travel distance. At the

same time, a; tends to decrease (Figure 4.1-b). These two competing effects lead to a
slightly faster decline in the relative standard deviation observed in the field compared
with the estimates obtained from equation 4.23 (Figure 4.5-d).

To summarise, the relative accuracy of the method, expressed as the relative error of
estimates of travel distances, is initially relatively high owing to the small denominator
of equation 4.10, but decreases with increasing distance from the source. At around 4.5
km from the source, the relative error is 5.5% for metabasalts and 21% and arenites. The
absolute accuracy, expressed as the absolute error, showed no significant trend with
distance.

The precision of the method, expressed as the expected relative standard deviation of
travel distances, decreases only very slowly with increasing travel distances. This has
practical implications for field monitoring campaigns, where it is standard practice to
determine the minimum number of samples required to achieve a specified level of
precision. Different statistics may be used as precision targets; in this case, a hypothetical
standard error of travel distances equal to 20% was adopted to illustrate the limitations of
the method. Detailed results are reported in Table 4.5 and Table 4.6. At certain locations,
achieving this level of precision would require collecting ~3000 particles. With current
technologies, the collection and analysis of such large sample sizes is extremely time-
consuming and economically unjustifiable. Although drones allow the collection of a high
number of images at relatively low costs and time (Mortl et al., 2022), (to the best of the
author's knowledge) existing algorithms do not allow the accurate calculation of shape
parameters. needed to perform this type of analysis. This is due to the fact that particles
in natural environments overlap and therefore their shape cannot be accurately measured.

This outcome highlights the combined effects of the high sensitivity of £ to variations in
oL

C (steep ac)’ and decreasing variability of sediment circularity (o, decreasing only
slightly with increasing £).

In conclusion, estimating the average travel distance of sediments from the ensemble
average of their circularity yields a method whose absolute accuracy does not improve
with increasing distances, and whose precision improves only slowly.
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4.4. Application of the deterministic model

Finally, consider a catchment with two distinct sources of the same lithology, located at
distances £; and £, from a sampling point. As the method provides only the average
travel distance of particles based on circularity, the outcome will be an intermediate
distance, representing a mixture of contributions from both sources. This example
illustrates that the approach cannot resolve the relative contributions of multiple source
areas to a downstream location.

Table 4.5. Precision metrics of the method: standard deviation (o) relative standard
deviation, € ,and standard error (o st), of travel distances derived from the
circularity of metabasalts. o sy denotes the target standard error for a hypothetical

ield campaign, and N¢ is the minimum number of samples required to achieve it.
paig S p q

Loc.i Nsampie C; o 0L/AC o, €, Ogst Orst Ng
-1 [ [km] [km] [-] [%] [%]

4 47 0.830 0.055 0.000  0.000 0%  20% 0
5 46 0.865 0.056 2340 0.131 9547 2%  20% 1
9 42 0.881 0.044 16363 0.728 5.098 11% 20% 14
10 21 0.901 0.045 82.809 3.723 3.705 81% 20% 347
11 59 0.901 0.039 77.442 3.057 3.298 40% 20% 234
12 34 0.916 0.053 203.541 10.719 3.606 184% 20% 2873
14 68 0.900 0.048 72.591 3.502 4.085 42% 20% 307
15 30 0.911 0.048 155.966 7.487 3.474 137% 20% 1402
18 97 0.909 0.043 133.261 5.705 3.200 58% 20% 814
19 88 0.923 0.037 303.795 11.200 2.320 119% 20% 3136

Average 53 0.894 0.047 104.811 4.625 4.259 67% 20% 913
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4. On the estimation of sediment travel distance based on their shape

Table 4.6. Precision metrics of the method: standard deviation (o) relative standard
deviation (€r),and standard error (o st) of travel distances derived from circularity of
metabasalts. o s denotes the target standard error for a hypothetical field campaign,

and Ny is the minimum number of samples required to achieve it.

. *
Loc.i NSample Ci Oc 6L/6C Or €r Orst Orsrt NS

-1 [=1  [km] [km] [-] [%] [%]

1 112 0.857 0.051 0.000  0.000 0% 20% O
2 109 0921 0.039 9207 0358 3473 3% 20% 4
3 18 0.933 0.033 20.781 0.689 2483 16% 20% 12
12 37 0.961 0.025 95.643 2408 1306 40% 20% 145

Average 69 0918 0.037 31408 0.864 2421 15% 20% 40

4.4.3 Sensitivity analysis
Estimates of sediment travel distance are also influenced by uncertainties in the model

parameters (Saltelli et al., 2002). Figure 4.6 illustrates how travel distance (equation 4.8)
varies as a function of the rounding coefficient, a, and the attrition coefficient, k.
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Travel Distance [km]
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0.0
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0.00565
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0.01565
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Figure 4.6. Dependence of travel distance on the rounding coefficient and the attrition
coefficient, a, k,. Parameters used: Cy=0.8572; C=0.92.
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4.4. Application of the deterministic model

The values of €y and C chosen for this example refer to locations 3 and 4 for arenites,
respectively, and are reported in the caption. Red horizontal reference lines are shown,
spaced at 0.1 km intervals within the first kilometre and at 1 km intervals thereafter.

To provide a quantitative assessment of the relative importance of these parameters, the
partial derivatives of £ with respect to a and k, were computed for all sampling locations
and both lithologies using equations 4.24 and 4.25. Parameter uncertainties were assumed
to be equal to 10% of their respective value obtained through calibration (Table 4.1).

— a _ _ a
() (C—,Sag = W (1~ (—C,Zax =)
c—¢
6_[' (1 _ (Cmax _OCO) )a ’
da ka

4.24

()

The uncertainties in travel distance estimates arising from the uncertainty in each

ok, k2
oL
mAka . The overall

variability of £, due to the combined uncertainties of both parameters was then calculated

ST

parameter were computed as: AL(a) = %Aa and AL(k,) =

as:

AL\? 1 0LN\?
e 4.26
AL \/<6a) +(6ka)

The results of this perturbation analysis are reported in Table 4.7 and Table 4.8, and show
that a 10% uncertainty in both model parameters translates into an average relative
deviation in estimated travel distances of approximately 65% for metabasalts and 45.5%
for arenites. This demonstrates that the functional relationship is highly sensitive to the
values of the model parameters.

When considering the contribution of each parameter separately, the effect of the
rounding coefficient is, on average, around six times larger than that of the attrition
coefficient for metabasalts and about four times larger for arenites.
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4. On the estimation of sediment travel distance based on their shape

This result may be interpreted positively for two reasons. Firstly, the relative variability
of model parameters between lithologies was computed as the ratio between the absolute
deviation of their values and the average value for the two lithologies. The three model
parameters: C,, a and k, showed a relative variation of around 3%, 4% and 178%
respectively. The different mechanical resistance of the two rock types suggests that the
rounding coefficient varies less between lithologies than the attrition coefficient, which
should make its estimation more accurate. Secondly, the rounding coefficient depends
primarily on the mechanical properties of particles and on the types of impacts they
undergo, which can be investigated under controlled laboratory conditions (Litwin Miller
and Jerolmack, 2021). As a result, the rounding coefficient should be easier to constrain
than the attrition coefficient, and doing so would substantially improve the precision of
travel distance estimates.

Table 4.7. Sensitivity analysis of modelled travel distances as a function of the rounding
and attrition coefficients for metabasalts. Parameter variations: Aa = 0.594, Ak, =

107* km™1.

Loc.i 0_1: AL(a) oL AL(k,) AL E, AL(a)
da ok, AL(kq)

[km] (-] [km?] [km=']  [km]  [%] [km]

4 0.000 0.000 0.000 0.000 0.000

5 -0.024 0.014 -13.771 0.001 0.014 104.6% 1041%

9 -0.194 0.115 -142.753 0.014 0.116 81.4%  808%
10 -1.038 0.617 -1004.656 0.100 0.625 62.2%  614%
11 -0.970 0.576 -926.748 0.093 0.584 63.0%  622%
12 -2.543 1.511 -2972.750 0.297 1.540 51.8% 508%
14 -0.909 0.540 -857.288 0.086 0.547 63.7%  630%
15 -1.957 1.162 -2155.297 0.216 1.182 54.8%  539%
18 -1.674 0.994 -1782.639 0.178 1.010  56.7%  558%
19 -3.753 2.229 -4827.375 0.483 2281  472%  462%
Average 0.776 0.147 0.790  65.1%  642%
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4.5. Discussion

Table 4.8. Sensitivity analysis of modelled travel distances as a function of the rounding
and attrition coefficients for arenites. Parameters variation: Aa = 0.571, Ak, =

0.0017 km™1.

Location 6_12 AL(a) 6_12 AL(k,) AL E, AL(a)
da dka AL(k,)

[km] [-] [km?] [km™']  [km]  [%]  [km]

1 0.000 0.000 0.000 0.000 0.000

2 -0.102 0.006 -6.064 0.001 0.006 5.7%  563%

3 -0.227 0.013 -16.348 0.003 0.013 48%  468%

12 -0.963 0.055 -108.545 0.018 0.058 3.1%  298%
Average 0.184 0.056 0.193  45.5% 443%

4.5 DiscussIiON

4.5.1 Deterministic method

A number of practical limitations exist in the application of the equation estimating the
average travel distance of an ensemble of particles based on average circularity (equation
4.8) to a generic case study. The rounding coefficient, a, is lithology-specific, while the
attrition coefficient (k,) depends both on the lithology, through mechanical properties,
and on the transport environment, through the energy imparted to particles in motion.
Consequently, the application of equation 4.8 requires knowledge of three parameters: C,
a, k,. At present, these parameters can only be estimated through calibration, using field
measurements. Nonetheless, as understanding of the relationships between rock
mechanical properties and the associated rounding and attrition processes improves,
constraining the values of these parameters should become easier (Bodek and Jerolmack,
2021; Litwin Miller and Jerolmack, 2021; Bray et al., 2024).

Another limitation is that the method assumes an invariant transformation function: the
parameters a and k,, are treated as constant. However, results from Chapter 3 suggest that
the rounding coefficient depends on the initial circularity of the particles at the source

(Co)-
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4. On the estimation of sediment travel distance based on their shape

Most importantly, the method relies on ensemble averages of circularity, derived from
multiple particles, to provide a deterministic estimate of travel distance. In doing so, it
does not take full advantage of the distribution of circularity measured at a given location,
nor of the knowledge of where particles were sampled. Both these sources of information
can instead be incorporated into the proposed probabilistic method.

4.5.2 Probabilistic method

The accuracy and precision of this method have not been tested yet; however, some
advantages and disadvantages can already be discussed, as they are inherent to its
probabilistic formulation.

The Bayesian approach provides a probabilistic characterisation of travel distances,
offering more nuanced insights than the deterministic estimates of the mean travel
distance. Knowledge of P, (L) would allow, for example, estimation of the distance from
the sampling location beyond which only a certain percentage of particles originate, or
the assignment of probabilities of provenance to reaches located within defined travel
distance boundaries.

Another advantage of the Bayesian approach is that, through an appropriate selection of
the prior distribution, it enables the integration of existing information on potential
sediment sources. For instance, in the previously discussed case of two sources for the
tracer lithology, a probabilistic method would assign a probability to each source rather
than providing a single average travel distance, which is unlikely to correspond precisely
to either.

On the other hand, a limitation of the current Bayesian formulation is that it does not
account for the longitudinal dispersion of coarse particles along a river. Because of this
phenomenon, sources located at different distances contribute unequally, and accounting
for this effect has been shown to be crucial when modelling the evolution of circularity
from multiple sources (Chapter 3). Future formulations may address this by incorporating
such effects, raising new research questions, for example, whether the weighting function
proposed there could also be applied to assign weights to travel distances, and whether
this function is lithology-specific or exhibits universal scaling across different rock types.

4.6 CONCLUSIONS

This chapter has presented two methods for estimating the travel distance of coarse
sediments based on their shape.

The first method provides the average distance travelled by an ensemble of particles and
was applied to reproduce the distance travelled from a single source. Using the available
data, it achieved an accuracy of approximately 6% for arenites and 21% for metabasalts.
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4.6. Conclusions

The relative error is expected to decrease with increasing distance from the source.
However, the precision of the method improves only very slowly with increasing travel
distances. This behaviour reflects two key factors: the form of the relationship between
average circularity and travel distance, and the inherent variability of sediment shapes at
each location. Overall, the method offers an approximation of average travel distance but
is highly sensitive to input values of circularity and other parameters. Consequently, a
sufficiently large sample size is required. Furthermore, because the method does not
incorporate prior information on possible source areas, it lacks any form of weighing
function, representing a major limitation in settings with multiple sources.

The second method is a Bayesian approach that integrates available information on
potential source locations to construct a prior distribution of travel distances. Sediment
shape is then incorporated as an additional variable to refine this estimate. This
probabilistic formulation provides more nuanced insights and can, in principle, be
extended to settings with multiple sources through the introduction of a weighing function.
Although the method has not yet been tested, its theoretical basis suggests a substantial
improvement over the deterministic approach, warranting further investigation.
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DISCUSSION AND CONCLUSIONS

This chapter summarises the main findings and discusses them within the broader context
of landscape and river geomorphology and river engineering. Specific research questions
are answered, methodological limitations are highlighted, and suggestions for areas for
further research are provided.



5. Discussion and conclusions

5.1 GENERAL DISCUSSION

This thesis presents a series of contributions to the overarching question of how sediment
shape can provide information on travel distance in mountainous rivers. The study is
motivated by the potential for multiple applications to benefit from the use of an easily
measurable property to infer sediment transport environments and pathways. Examples
include restoration projects, infrastructure planning and development, and hazard
assessments.

Within this broader objective, three key knowledge gaps were addressed. The first gap
concerns the accuracy and reproducibility of sediment shape measurements obtained from
field-collected images. As circularity, or isoperimetric ratio, is the parameter used to link
shape to travel distance, the discussion and conclusions focus on this. The accuracy of
circularity estimates was relatively high, with an absolute error of around 0.013. However,
results showed that estimates depend on the segmentation method and the algorithm used
to describe the geometry of particle outlines, producing relative errors of approximately
1.5% and 3.9%, respectively. This has implications for comparing results from different
studies, where varying methodologies may make direct comparisons difficult. Although
circularity is theoretically bounded between zero and one, values for natural sediments
typically range between 0.4 and 0.99, further limiting inherent variability (Joo et al.,
2018). As demonstrated in Chapter 2 results from different, potentially biased methods
may therefore be difficult to reconcile. In this respect, the proposed segmentation method
offers an advantage: unlike machine-learning algorithms, which depend on training
datasets (Hassan et al., 2024), it is based on parameters that can be explicitly chosen by
the user, ensuring reproducibility. Moreover, since its parameters have a physical
meaning, the user could adapt them to keep a constant dimension when working with
images with different resolutions. Finally, the method is operator independent, meaning
that it does not require the refinement of the segmentation, even in the case of shadows,
unlike existing tools, e.g., the “Quick Selection tool” available in Adobe Photoshop CC.

The data collection method should therefore be tested at the beginning of a field campaign
and kept as consistent as possible throughout. When comparing results, potential biases
between methods should be assessed, for example, by applying alternative methods to a
subset of the dataset. Overall, however, the proposed method proved capable of producing
reliable and repeatable measures of sediment size and shape, even when images were
collected under field conditions with limited control over lighting. This demonstrates the
feasibility of using low-cost measurement techniques to obtain sediment size and shape
data. A possible improvement to facilitate the adoption of the proposed algorithm consists
of its translation into an open-source language. Nonetheless, such effort should also
envision the translation of the algorithm by Zheng and Hryciw (2015) to obtain results
comparable with the ones presented in this work.
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5.1. General discussion

Opportunities for further exploration include drone-based imaging (Miazza et al., 2024).
Preliminary tests during this research indicated that while drone images can be used to
estimate sediment size statistics, lower resolution, imbrication, and partial coverage make
them less suitable for precise shape analysis. Some research groups are exploring the
possibility of using point clouds to provide a quasi-3D characterisation of sediment shape
(Woodget and Austrums, 2017). Combining such methods with drone technology could
allow rapid collection of large datasets. Advances in point cloud filtering and object
identification suggest that automated removal of vegetation and other cover may soon be
feasible, further contributing to the aims of this thesis. As explained in Chapter 4,
improving the precision of travel distance estimates requires large sample sizes. Another
promising development would be the automatic identification of sediment lithology.
While Al-based tools already exist, unlike methods based on image thresholding, they
depend on the training dataset. Nonetheless, recent comparisons suggest that in the future
they could become a standard for optical granulometry (Miazza et al., 2024). Therefore,
as these methods improve, the potential to combine quasi-3D shape metrics with lithology
tagging could significantly enhance estimates of travel distance.

The second gap addressed relates to modelling the shape evolution of fragments
originating from parent sediment rock outcrops. A new conceptual yet physically based
model for sediment circularity was proposed. Importantly, the sampling methodology
allowed, for the first time, assessment of the heterogeneity of the shapes produced by
outcrops of different lithologies. Based on curvature-driven flow assumptions, which
imply that chipping is the dominant attrition mechanism, the model successfully
reproduced the shape evolution of fragments in alpine streams, where fragmentation
cannot be a priori neglected. It is also performed well for lithologies with differing
mechanical properties (arenites and metabasalts). Field data on spatial variation in
sediment shape confirmed that a particle’s shape at a given distance depends not only on
transport but also on its initial form. Thus, measuring the shape of an individual particle
at a given location does not allow deterministic estimation of travel distance. The data
presented here, therefore, suggest that the models presented in the literature for the
estimation of travel distance based on sediment shape (Szab¢ et al., 2015; Maue et al.,
2022; Pokhrel et al., 2024; Takahashi et al., 2025a; Gehringer et al., 2025), which use a
single relationship for all particles, regardless of their initial shape, are unlikely to provide
accurate results. This is because they are inherently associating the full range of sediment
shapes with their travel distance, without considering the fact that particles that have
travelled the same distance might have different circularity, due to a different initial shape,
and particles with the same shape might have travelled different distances for the same
reason.
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5. Discussion and conclusions

The proposed model was further applied to reproduce the overall shape evolution
resulting from multiple arenite inputs, which was the lithology of interest in this case.
Results indicate that two contrasting processes control sediment shape: attrition, which
increases circularity rapidly with distance, and bedload dispersion, which reduces the
influence of distant sources while enhancing the contribution of nearby ones. The
combined effect is that the longitudinal evolution of circularity is characterised by sharp
decreases where near outcrops supply fresh fragments, and a nonlinear increase with
distance. The rate of circularity increase is controlled by rounding and attrition
coefficients, highlighting the need for further research to assess how different values
affect spatial dynamics under varying source distributions. Laboratory experiments could
help identify measurable metrics to estimate such coefficients across rock types and
transport settings, and thereby determine which lithologies are best suited as tracers in
practical applications.

The third gap concerns the accuracy and precision of travel distance estimates from shape
measurements. Deterministic estimates of average travel distance showed relative errors
of about 63.5% for metabasalts and 31% for arenites, decreasing with increasing distance.
The high error for metabasalts is likely due to a combination of factors: the presence of
small contributions of metabasalts from unidentified sources, possibly small creeks which
were not mapped in the available lithological map, and the relatively small sample size in
some locations, which might have led to an imprecise measure of the average circularity.
For metabasalts, constraining precision within 20% would require more than 1,000
samples in some cases, making the method impractical. For arenites, however, only about
40 samples were needed, making the approach more attractive.

The mechanical properties of a rock determine its rounding and attrition coefficients in a
given transport environment and play a critical role in its suitability as a tracer (Litwin
Miller and Jerolmack, 2021; Bray et al., 2024). According to the available data, “harder”
rocks require longer distances to become rounded (Pfeiffer et al., 2022); hence, the
sensitivity of travel distance estimates to changes in circularity, expressed by d£/dC, is
higher, making such estimates more uncertain. By contrast, “softer”” rocks round more
quickly, enabling more accurate estimates over shorter distances.

Nevertheless, estimating average travel distance from an ensemble of sediment shapes
only captures a “mean” behaviour, which may be far more complex in systems with
multiple sources and pathways. For this reason, a probabilistic approach offers clear
advantages, as it can incorporate prior knowledge of travel distance distributions and
address some of the limitations inherent in deterministic methods.
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5.2. Specific Conclusions

Although the proposed Bayesian framework has not yet been applied to the Sarzana
Stream, it has one advantage over the deterministic approach. If information on the
existing outcrops of the lithology of interest is available, this could be integrated to
constrain the domain of all possible travel distances. Once its performance is assessed, it
may be valuable to explore combining sediment shape with other properties, such as
lithology, mineral content, radionuclides, or isotopes, to further refine travel distance
estimates.

In conclusion, this work demonstrates that sediment shape has significant potential to
provide information on travel distances, but the accuracy and precision of such estimates
depend on a number of factors: the spatial distribution of sediment sources within the
river network, the mechanical properties of the rock, and the size of the available sample.

5.2 SPECIFIc CONCLUSIONS

The following answers were provided to the specific research questions:

1. How can repeatable measurements of pebble shape be obtained from field images
when lighting conditions cannot be controlled?

The proposed segmentation method, combined with the shape analysis algorithm
developed by Zheng and Hryciw (2015), provides repeatable measurements of pebble
shape with errors below 8% for all shape parameters considered, even when images are
collected in uncontrolled field lighting conditions [Chapter 2.5].

2. What is the relative importance of the segmentation method and the shape
characterisation algorithm in the accuracy of estimates of sediment shape from
field-collected images?

Both steps contribute errors of the same order of magnitude. For circularity, segmentation
introduced a relative error of approximately 1.5%, while the shape characterisation
algorithm contributed around 3.9% [Chapter 2.5].

With respect to the estimation of sediment shape as a function of travel distance:

1. How can the spatial evolution of sediment shape in mountainous streams be
modelled, starting from a localised point source?

The spatial evolution of the normalised isoperimetric ratio can be modelled by linking
attrition-related mass loss to shape change through a superelliptical relationship and
exponential decay of mass with distance. The model depends on three parameters: the
initial shape of a particle, the rounding coefficient, and the attrition coefficient [Chapter
3.2].
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2. What is the relative importance of the parameters associated with rounding rates
and the spatial scaling of mass loss in controlling the rate of shape evolution?

Calibration against field data indicated that rounding coefficients were relatively similar
across lithologies, whereas attrition coefficients varied by an order of magnitude. Thus,
attrition plays the dominant role in controlling shape evolution [Chapter 3.4].

3. How can the contributions of multiple sediment sources be incorporated when
modelling shape evolution in mountainous streams?

Field evidence showed that closer sources exert a disproportionate influence on
circularity values. This was attributed to particle dispersion, which reduces contributions
from more distant sources. An exponential probability distribution was used to represent
this effect and performed well after calibration [Chapter 3.4].

4. Do outcrops exhibit lithology-specific shape properties?

The field data indicated that fragments produced by different lithologies exhibit distinct
shape properties, and that these differ from the shapes of sediments derived from the same
lithology even after short transport distances. This result merits further study across
additional lithologies and transport environments [Chapter 3.4].

With respect to the estimation of sediment travel distance based on shape:

1. What is the accuracy and precision of travel distance estimates derived from
sediment shape?

Deterministic estimates yielded mean absolute percentage errors of 63.5% for metabasalts
and 31% for arenites. The relative standard deviations were around 4.3 and 2.4,
respectively [Chapter 4.3].

2. How can sediment shape be used to update prior estimates of the probability
distribution of sediment travel distances?

A Bayesian framework allows prior knowledge of travel distance distributions to be
updated with shape data and enables integration of additional information (e.g., lithology)
into source identification and distance estimation. Although not yet quantitatively
assessed, this approach has clear advantages over purely deterministic methods [Chapter
4.4].
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5.3. Limitations and opportunities

5.3 LIMITATIONS AND OPPORTUNITIES

The study of sediment attrition is important for scientific and practical implications that
extend beyond the estimation of travel distance, which represents the primary motivation
of this work. The results presented here are consistent with field observation: sediment
shape evolves rapidly in lower-order streams, whereas as the contributing area increases,
rivers become progressively saturated with pebbles exhibiting similar shapes. This
impacts travel distance estimations because, as discussed in Chapter 4, for highly circular
pebbles, these estimates become very sensitive to small variations in shape. Consequently,
the precision of the deterministic method decreases, and large sample sizes are necessary
to produce robust estimates of the average travel distance.

This natural limit could be addressed in different ways, depending on the scope of the
research. One relatively drastic approach would consist of truncating the sampled
population, excluding particles with a circularity higher than a given threshold, because
the uncertainty in the estimation of their travel distance might be too large. In practice,
this approach corresponds to choosing a window of travel distances associated with the
contributing reaches under consideration and progressively moving this window
downstream across different sampling locations.

Another, possibly complementary approach could be based on the development of new
segmentation techniques to improve the accuracy of shape estimates from UAV imagery.
This would produce significantly larger datasets, potentially leading to more robust
estimates of the mean travel distance.

In cases such as the one presented here, where the outcrops of the tracer lithologies cover
a limited area of the overall catchment, their contribution to the volume of sediments
composing the riverbed is also relatively limited. Consequently, finding samples of these
lithologies is time-consuming and labour-intensive. Moreover, assessing the lithology of
sampled particles, which required scrutiny and comparison with known samples, was also
time-consuming.

The methodology adopted in this work does not allow the tracking of individual particles
as they are transported and undergo attrition. Consequently, the analyses were based on
different statistics of the shape distribution, rather than on the evolution of the shape of
individual particles. Tracking individual bedload particles in rivers is possible with
multiple methods. Radio Frequency Identification tags (RFID) became the most adopted
technology for this purpose, with more than 30,000 RFID tags injected in gravel-bed
rivers around the world in the last 20 years (Liébault et al., 2023). This technology,
although usually characterised by small recovery rates, has recently been coupled with
UAYV detectors to speed up the collection of tracers’ positions.
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Regardless of the chosen approach, the application of a probabilistic method, as the one
described in Chapter 4 would allow the estimation of richer statistics of travel distances,
compared to the deterministic method.

The author acknowledges that field campaigns require substantial effort and that sampling
tracers to collect images and measure their shape introduces a disturbance to the pebble,
which might modify its resting times and threshold for motion. Nonetheless, since tracer
experiments are usually expensive and collecting multiple motion events might require
several years, the author envisions the possibility of collaboration between scientists
working with this methodology. Even when attrition might not be the primary focus of a
given study, a subset of the injected tracers could be allocated to the collection of size and
shape data. This would allow the creation of a vast dataset of particles’ motion, and resting
times, threshold conditions, and size and shape evolution. The additional cost would be
limited to imaging tracer particles, while the benefit would be significant, because this
would allow for the first time to link processes at the scale of the individual particle, such
as jump lengths and threshold for motion conditions, to processes at the river scale, like
size and shape changes of the riverbed, sorting, and, potentially, the gravel-sand transition.

Regarding the attrition of river sediment, this work assumes that particles lose mass solely
due to their impact with the sediment on the riverbed. Their attrition is assumed to stop
when particles are immobile, even though they might be subject to impacts from moving
particles. This assumption is needed to make the process of mass loss independent of
transport dynamics and of time. This, in turn, allows one to assume that the relative mass
loss of a particle only depends on its properties, and not on those of the rest of the riverbed.
In other words, interactions between particles of different lithologies are not considered.

The abrasion of bedrock rivers proves that moving particles produce attrition on a
stationary rock surface. The relative importance of “in motion” and “in place” attrition is
still poorly constrained, with considerably less research covering the latter process. In
fluvial settings, the cumulative mass loss of a particle depends on the sequence of impacts
it has been subject to. These impacts can be broadly classified into two categories: impacts
experienced by the moving particle hitting the riverbed, and impacts experienced while
the particle remains stationary. Mass loss due to “in-motion” impacts depends primarily
on particle size, which controls both kinetic energy and the frequency of transport events,
as well as on the mechanical properties of the material with which the particle collides.
By contrast, mass loss due to “in-place” impacts can be viewed as a stochastic process
governed by the probability distribution of sizes and mechanical properties of the moving
particles.
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The work by Sipos et al. (2020) provides a framework to model the evolution of the
probability distribution of the size of colliding bedload particles, which depends on a
single scalar parameter representing the energy level of the collective evolution process.
Their results show that for low energy regimes, the probability distribution of particle size
tends to focus, while it tends to disperse in high energy regimes. In both regimes, the
particle mass decays exponentially with the number of impacts, in agreement with
Sternberg’s law. These results suggest the possibility of combining the energetic effects
of all impacts in a single parameter, which could lead to a similar framework for the
evolution of the probability of shape.

A key difference between size and shape metrics must be highlighted. While the size of
a particle can only decrease due to attrition, its isoperimetric ratio might increase or
decrease, for example in the case of fragmentation or eikonal flow. This might lead to
more nuanced dynamics of the shape evolution. For this reason, some authors have
suggested alternative descriptors of particle shape based on the number of stable (S) and
unstable (U) equilibrium points, which are related by the Poincaré-Hopf Theorem: S +
U — H = 2, where H is the number of saddle-type equilibrium points. The number of
equilibrium points is expected to monotonically decrease, on average, due to attrition
(Domokos, 2015), making it a potentially suitable descriptor for linking particle shape to
transport history, even outside the strict applicability of curvature-driven abrasion models.
While methods to estimate equilibrium points from 3D laser scans of pebbles exist, their
adoption in the geophysical community is still limited. Nevertheless, given their
theoretical robustness, further exploration of these metrics may prove valuable.

Addressing these questions will likely require a combination of approaches. On the one
hand, the development of simplified theoretical frameworks capable of capturing the
essential dynamics of particle evolution would allow numerical exploration of the
parameter regimes governing different patterns of size and shape change. On the other
hand, controlled laboratory experiments could provide the empirical data necessary to
validate these models and inform the choice of functional relationships used in their
formulation.

Ultimately, progress in understanding sediment attrition will require collaboration among
researchers with complementary expertise and approaches.
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ANNEXES

Annex to Chapter 3

The graphs presented in Figure Al show the difference in distribution of normalised
isoperimetric ratio between source locations and non-source ones. Highlighting the fact
that, even after a very small travel distance, the shape of particles changes enough to be
captured by a statistical test for equality of distributions.

This file provides the results of the Anderson-Darling test performed to assess whether
the distributions of normalised isoperimetric ratios of sediment fragments at source
locations can be considered the same as those in non-source locations, for each
lithology. A significance level p=0.01 was assumed. Values were rounded to the fourth
significant digit.

A separate file containing the overview of the sediment data collected in the field and
used is provided as a separate file. These data include, the identifier of each sampling
location, its coordinates, the sample size, for each lithology and mean and standard
deviations of a series of size and shape parameters, which would allow the repetition of
the analysis performed here.
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Figure Al. Cumulative distribution functions of normalised isoperimetric ratios for
arenites and metabasalts. Source locations are coloured to highlight their different
distribution with respect to other locations.
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Figure A2. Set of parameters a and k, used in the model calibration.

Figure A3. Minimisation of the root mean square error of the average circularity of
metabasalts. The red dot represents the set of optimum model parameters.
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Figure A5. Minimisation of the root mean square error of multiple sources of
arenites. Optimum value of the parameter of the exponential distribution weighing

function for sources located at different distances.
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Table Ala. Summary of sampling locations and sediment size.

Location Lithology  Origin  Latitude [°] Longitude [°] Elevation [m a.s.l.] Drainage Area [km?] Distance [km] Sample Size
1 Arenites Source  46.245755 11.98058 1126.4 0.03 6.73 112
2 Arenites Creek  46.245891 11.981488 1108 0.03 6.65 109
3 Arenites River 46.246834 11.984985 1055.8 2.19 6.29 18
12 Arenites River 46.253362 11.990762 983.8 9.41 5.21 37
13 Arenites Creek  46.254931 11.992186 975.7 3.02 4.97 39
14 Arenites River 46.255349 11.992921 969 9.82 4.88 57
15 Arenites River 46.259202 11.999316 897.5 14.62 4.01 103
15 Arenites Source  46.259202 11.999316 897.5 14.62 4.01 133
16 Arenites Source 46.27198 11.998473 975.3 1.12 3.08 204
17 Arenites Creek  46.272289 11.999252 958.3 1.14 3.00 113
18 Arenites River 46.267751 12.006646 824.4 19.38 2.57 116
19 Arenites River 46.271622 12.015076 692.5 23.33 1.57 113
4 Metabasalts Source  46.248233 11.990253 1124.6 0.15 6.14 47
5 Metabasalts Creek  46.248494 11.989842 1103.2 0.16 6.10 46
6 Metabasalts  Source 46.24913 11.9916 1128.6 0.03 6.01 58
7 Metabasalts Creek  46.249446 11.991154 1107.7 0.04 5.96 28
8 Metabasalts  River 46.249877 11.987362 1037.1 2.70 5.86 40




Table A1b. Summary of sampling locations and sediment size.

Location Lithology Origin  Latitude [°] Longitude [°] Elevation [m a.s.l.] Drainage Area [km?] Distance [km] Sample Size
9 Metabasalts Creek  46.249803 11.988163 1040.9 0.18 5.85 42
10 Metabasalts River 46.251105 11.989137 1026.2 2.98 5.64 21
11 Metabasalts River 46.252051 11.990173 1009.3 3.02 5.48 59
12 Metabasalts River 46.253362 11.990762 983.8 9.41 5.21 34
14 Metabasalts River 46.255349 11.992921 969 9.82 4.88 68
15 Metabasalts River 46.259202 11.999316 897.5 14.62 4.01 30
18 Metabasalts River 46.267751 12.006646 824.4 19.38 2.57 97
19 Metabasalts River 46.271622 12.015076 692.5 23.33 1.57 88
20 Metabasalts River 46.271167 12.022084 626.1 23.99 0.67 48
21 Metabasalts River 46.272602 12.02853 570.1 25.24 0.00 58
11 Mixed Sample  River 46.252051 11.990173 1009.3 3.02 5.48 123
12 Mixed Sample  River 46.253362 11.990762 983.8 9.41 5.21 126
15 Mixed Sample  River 46.259202 11.999316 897.5 14.62 4.01 132
17 Mixed Sample  Creek  46.272289 11.999252 958.3 1.14 3.00 150
18 Mixed Sample  River 46.267751 12.006646 824.4 19.38 2.57 124
19 Mixed Sample  River 46.271622 12.015076 692.5 23.33 1.57 111
20 Mixed Sample  River 46.271167 12.022084 626.1 23.99 0.67 106




Table Alc. Summary of shape parameters (averages on the left, standard deviation on the right).

Location b [mm)] elongation [-] Area [mm?] Roundness [-] IR [-] Normalised IR [-]
1 47.55 20.53 0.67 0.13 3034.57 2714.96 0.51 0.08 0.79 0.06 0.86 0.05
2 29.81 12.90 0.70 0.12 1165.60 1063.77 0.59 0.08 0.86 0.06 0.92 0.04
3 27.55 15.73 0.70 0.11 1159.37 1428.95 0.62 0.07 0.88 0.05 0.93 0.03
12 43.32 27.38 0.73 0.12 2786.83 3890.90 0.73 0.08 0.91 0.05 0.96 0.03
13 49.99 39.55 0.75 0.10 4146.31 8085.38 0.66 0.10 0.91 0.04 0.95 0.04
14 52.77 31.67 0.73 0.11 3956.73 4923.47 0.69 0.08 0.90 0.04 0.94 0.02
15 41.24 24.54 0.64 0.16 2798.79 4026.34 0.55 0.11 0.80 0.10 0.88 0.07
15 36.18 16.38 0.61 0.15 2000.71 1809.04 0.49 0.06 0.76 0.08 0.86 0.05
16 30.82 13.44 0.64 0.15 1345.01 1175.46 0.50 0.09 0.78 0.10 0.86 0.07
17 24.99 23.05 0.66 0.15 1292.68 4305.87 0.57 0.09 0.85 0.08 0.92 0.05
18 34.16 29.81 0.68 0.13 2231.33 4293.26 0.65 0.10 0.87 0.07 0.93 0.04
19 49.45 27.95 0.68 0.14 3645.31 4329.38 0.68 0.09 0.87 0.07 0.93 0.03

4 61.92 32.99 0.64 0.14 5625.91 5710.73 0.50 0.08 0.76 0.08 0.83 0.06
5 89.68 56.77 0.73 0.12 11356.71 13442.97 0.56 0.08 0.82 0.07 0.86 0.06
6 69.00 32.08 0.66 0.14 6497.32 6696.76 0.49 0.06 0.74 0.07 0.81 0.07
7 113.12 36.19 0.73 0.14 14789.94 9026.77 0.52 0.07 0.79 0.06 0.84 0.05
8 105.24 44.60 0.67 0.13 14806.21 11708.14 0.63 0.08 0.82 0.06 0.88 0.04




Table Ald. Summary of shape parameters (averages on the left, standard deviation on the right).

Location b [mm)] elongation [-] Area [mm?] Roundness [-] IR [-] Normalised IR [-]
9 100.20 57.44 0.67 0.16 14370.04 15230.88 0.59 0.09 0.81 0.08 0.88 0.04
10 82.64 61.98 0.63 0.19 14925.68 20595.54 0.61 0.07 0.80 0.10 0.90 0.04
11 122.61 55.70 0.71 0.14 20535.04 17096.65 0.64 0.09 0.85 0.07 0.90 0.04
12 76.59 66.09 0.69 0.16 11045.47 19830.60 0.66 0.10 0.85 0.09 0.92 0.05
14 68.95 40.12 0.68 0.13 6932.47 7911.29 0.62 0.09 0.84 0.08 0.90 0.05
15 103.37 49.71 0.70 0.14 14684.31 15003.52 0.64 0.08 0.85 0.08 0.91 0.05
18 71.86 36.49 0.68 0.13 7161.49 6943.01 0.65 0.09 0.85 0.07 0.91 0.04
19 62.88 33.99 0.69 0.14 5840.07 6474.65 0.67 0.08 0.86 0.07 0.92 0.04
20 71.81 43.13 0.68 0.13 7720.94 9290.66 0.65 0.10 0.85 0.07 0.92 0.05
21 95.81 40.52 0.68 0.14 11988.85 9617.88 0.68 0.09 0.86 0.07 0.93 0.04
11 48.72 19.31 0.67 0.14 3314.54 3078.75 0.60 0.10 0.84 0.07 0.91 0.04
12 50.75 24.03 0.69 0.14 3595.99 3786.43 0.62 0.08 0.85 0.07 0.91 0.04
15 49.31 25.19 0.68 0.13 3363.47 3773.99 0.60 0.09 0.84 0.07 0.90 0.05
17 41.21 24.26 0.70 0.13 2412.97 2834.60 0.59 0.09 0.85 0.07 0.90 0.05
18 49.47 25.16 0.70 0.13 3418.92 4304.60 0.60 0.10 0.85 0.06 0.91 0.04
19 59.31 31.05 0.71 0.13 4769.85 5736.13 0.65 0.09 0.86 0.06 0.92 0.04

20 47.41 21.45 0.71 0.13 2971.22 2784.10 0.64 0.10 0.88 0.06 0.94 0.04




Table A2. p values of Anderson-Darling test for same distributions of arenites normalised isoperimetric ratios.

Location 3 4 5 15 16 17 18 18 19 20 21 22

Origin Source Creek River River Creek River River Source Source Creek River  River

3 Source 0.8690 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.4057 0.0209 0.0000 0.0000 0.0000

4 Creek 0.8690 0.4015 0.0000 0.0000 0.0003 0.0000 0.0000 0.0000 0.0771 0.0010 0.0142
5 River 0.8835 0.0013 0.1643 0.1192 0.0031 0.0000 0.0000 0.5989 0.6477 0.7408
15 River 0.8748 0.0807 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
16 Creek 0.8743  0.0237 0.0000 0.0000 0.0000 0.0074 0.0811 0.0230
17 River 0.8718 0.0000 0.0000 0.0000 0.0054 0.1566 0.0842
18 River 0.8692 0.0000 0.0021 0.0000 0.0000 0.0000
18 Source 0.8685 0.0632 0.0000 0.0000 0.0000
19 Source 0.8676  0.0000 0.0000 0.0000
20 Creek 0.8689 0.0921 0.0744
21 River 0.8689  0.3455

22 River 0.8689




Table A3. p values of Anderson-Darling test for same distributions of metabasalts normalised isoperimetric ratios.

Location 4 5 6 7 8 9 10 11 12 14 15 18 19 20 21

Origin Source Creek Source Creek River Creek River River River River River River River River  River
4 Source 0.8730 0.0032 0.2524 0.2612 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
5 Creek 0.8731 0.0000 0.0211 0.1260 0.2289 0.0114 0.0004 0.0000 0.0004 0.0002 0.0000 0.0000 0.0000 0.0000
6 Source 0.8717 0.0482 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
7 Creek 0.8775 0.0000 0.0010 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
8 River 0.8741 0.5532 0.0803 0.0363 0.0006 0.0142 0.0011 0.0002 0.0000 0.0000 0.0000
9 Creek 0.8738 0.1078 0.0334 0.0015 0.0139 0.0023 0.0003 0.0000 0.0000 0.0000
10 River 0.8811 0.6828 0.2890 0.6813 0.4074 0.6462 0.0632 0.1663 0.0259
11 River 0.8716 0.0283 0.5114 0.0425 0.1418 0.0007 0.0056 0.0001
12 River 0.8755 0.0506 0.5116 0.1288 0.3937 0.5038 0.4550
14 River 0.8709 0.0904 0.2569 0.0026 0.0111 0.0003
15 River 0.8768 0.4349 0.3809 0.6603 0.2436
18 River 0.8694 0.0388 0.1206 0.0035
19 River 0.8698 0.5572 0.4719
20 River 0.8728 0.3156
21 River 0.8717
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