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If we take in our hand any volume; of divinity or school

metaphysics, for instance; let us ask, Does it contain any

abstract reasoning concerning quantity or number? No. Does

it contain any experimental reasoning concerning matter of

fact and existence? No. Commit it then to the flames: for it

can contain nothing but sophistry and illusion.

David Hume [1748]
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Abstract

Successful establishment of riparian vegetation on riverbanks and bedforms

depends on river hydrology and related flow and sediment erosion processes.

Extreme flow-induced erosion events can uproot vegetation, leading in some cases

to failure of bank protection and river restoration schemes. This thesis uses

experimental, analytical, and numerical approaches to examine key aspects of

the mechanisms of vegetation uprooting by flow. First, the ability of riparian

vegetation to respond to different water table regimes is investigated in terms

of root growth and resistance. To this purpose, small-scale Salix cuttings

were allowed to grow under different water level regimes. At the end of the

growing period, extracted samples, obtained through pullout tests, were analysed

in terms of root biomass distribution and resistance to external forces. The

results demonstrate the driving influence of water and oxygen availability on the

vertical configuration of below-ground biomass and thence on uprooting resistance.

Second, a free-body model is derived to predict the critical rooting length – a key

parameter that determines the probability of flow-induced uprooting of flexible

plants at different erosion stages. Model validation is achieved using laboratory

and field-scale data. Third, the dynamics of mobilization of stranded living

wood logs from alluvial bedforms is investigated experimentally. Pullout test

results are used to assess the root resistance of small-scale wood logs at several

stages of growth. Trends in below- and above-ground biomass, together with

the free-body model, enable detection of ‘biological time windows’ within which

re-mobilization becomes possible. The results illustrate that uprooting occurs
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within two time-lapses, which coincide with particular growth stages of the plant.

Finally, a combined analytical and numerical model is derived. This model

uses the probability of flow-induced plant uprooting as a proxy to study how

perturbations to the natural flow regime may drive riparian ecosystem dynamics

towards new and potentially irreversible statistical equilibrium states. The model

is applied to an actual case study, in which dam impoundment of a reach of the

Maggia River, Switzerland, has led to intense riparian vegetation encroachment

with consequent river narrowing. The output of the model sheds light on the type

of irreversibility that may arise in riverine ecosystems of severely impounded river

basins. The theoretical and experimental results presented in the thesis should be

useful to river engineers and managers responsible for river restoration projects,

natural flood management schemes, and optimal dam regulation strategies.
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Chapter 1

Introduction

1.1 Overview of river ecomorphodynamics

Since the Devonian period, plants with root systems have played a crucial role

in shaping fluvial landscapes (Gibling and Davies, 2012). Geological records

and isotopic evidence have proven that the development of vascular plants in

the Silurian-Devonian boundary has promoted river planform evolution. The

stabilizing contribution of roots on riverbanks and bedforms has led to the

development of a range of new fluvial styles, such as channelled- and island-

braided systems and anabranching planforms (Gibling et al., 2014). Nevertheless,

the role of vegetation in controlling fluvial systems has been long undervalued and

only recently vegetation has been acknowledged to make an active contribution

to the morphodynamic evolution of rivers (Baptist et al., 2007; Rominger et al.,

2010).

The structural and biological features of vegetation are complex because they

depend on many variables, such as environmental conditions and plant species

(Tabacchi et al., 1996). Therefore, the inclusion of vegetation in the branch of

morphodynamics has led to many challenging investigations, which have revealed

that vegetation contributes to shape river landscapes together with flow and

sediment processes.

The discipline that studies the multi-directional interactions between the

dynamics of vegetation and river morphology and processes is called river eco-
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morphodynamics. The word ‘ecomorphodynamics’ was introduced for the first

time by Marani et al. (2006), who investigated the morphological spatial patterns

determined by salt-marsh in the Venice lagoon, Italy. From then on, the term

has also been used to describe the interaction between riparian vegetation and

river morphodynamics. Even though this discipline denomination was introduced

recently, the interest and the research towards the interaction between vegetation

and river morphodynamics has been documented a long time before 2006 (e.g.

see Bradley and Smith, 1986; Hickin, 1984).

The goals that ecomorphodynamic research aims to achieve are complex,

especially given its holistic approach and the modeling processes that operate

at different spatial and temporal scales. The component disciplines of river

ecomorphodynamics are diverse and predominantly encompass different branches

of science, such as hydrology, geomorphology, hydraulics, and ecology. The

knowledge fragmentation among these disciplines and the occurrence of diverse

niche audience groups often hinder (paradoxically) a mutual collaboration. Fur-

thermore, the use of different approaches and the lack of conformity on certain

concepts can confine the cooperation between different scientific communities

(Vaughan et al., 2009). An understanding of the feedback mechanisms between

hydrology, hydraulics, geomorphology, and ecology is crucially needed in order

to comprehend the functioning of the riparian ecosystem, and to foresee and

simulate the impacts of natural and anthropogenic changes on riparian corridors.

This Chapter provides an introduction to riparian and river systems. Interac-

tions between vegetation dynamics and fluvial processes are also reviewed, with

a particular focus on the mechanics of plant uprooting induced by flow erosion.

The research questions, aim and objectives and a synopsis of the thesis are then

described.
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1.1.1 Riparian and aquatic vegetation

The two types of vegetation that grow and become established in riparian and

river systems are classified as riparian and aquatic. The word ‘riparian’ derives

from the Latin adjective riparius, and alludes to the transitional area between

dryland and water bodies, where both terrestrial and aquatic realms interact

(Malanson, 1993). Riparian vegetation comprises the plant communities that

establish themselves both along riverbanks and in streams (e.g. vegetated river

bars) (Ward, 1998). Aquatic vegetation includes plants that only grow in water,

and can be divided into submerged, emergent, and floating leaf plants. However,

many different other classifications of aquatic plants can be found in the literature

(e.g. see Watson, 1979).

The appearance and development of both riparian and aquatic plants are

strongly affected by the frequency and duration of river fluctuations, near-surface

groundwater regimes, and soil moisture and composition. Aquatic species show

a higher sensitivity to water depth, given their need to be in contact with water

(Fischer and Claflin, 1995). The appearance and succession of both plant types

respond to fluvial disturbances and water stresses (Malanson, 1993). This leads

to the establishment of different plant species across the lateral gradient of the

river (Figure 1.1). For instance, the zone closest to flowing water is mainly

colonised by young vegetation or by species that are particularly resilient towards

high shear stresses and shallow groundwater levels. Meanwhile, at the upper

floodplain, in zones that are less inundated, young vegetation gives way to plants

at a higher growth stage (Mosner et al., 2011). As riparian areas are transitional

zones, hotspot shifts of plant type locations are common and tend to create a

mixed vegetation zone among aquatic and terrestrial species (Gurnell, 2014),

exhibiting the highest degree of biodiversity.

Both riparian and aquatic vegetation perform and regulate important eco-
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Figure 1.1: Vegetation types and and position of both aquatic and riparian plants

along a river transect (modified from Gurnell, 2014).

logical functions for their respective ecosystems (Naiman and Decamps, 1997).

Plants are important chemical filters that can absorb pollutants and enhance

water quality, with obvious human and ecosystem health benefits (Dosskey et al.,

2010; Naiman and Decamps, 1997). As an important carbon sink, vegetation

regulates the flow of biogeochemical activities, plays a fundamental role in the

cycle of carbon and nitrogen (Beckman and Wohl, 2014; Camporeale et al., 2018;

Dybala et al., 2019), and absorbs nitrates from the soil into its root system

(Peterjohn and Correll, 1984). The ability of vegetation to store carbon is directly

linked to the availability of nitrogen and phosphorus, which have a fundamental

role in controlling plant growth (Wieder et al., 2015). However, recent studies

have acknowledged that the widespread limitation of nitrogen and phosphorus

in the long-term ecosystem development may have a negative impact on plants’

response to carbon uptake (Du et al., 2020). As a result, plants may switch from

acting as a carbon sink to a carbon source (Penuelas et al., 2013; Wieder et al.,

2015). Furthermore, the occurrence of decaying and dead vegetation in rivers
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and riparian areas results in a large carbon release, which is further promoted by

the higher rate of plant decomposition due to the increase of global temperature

(Tabacchi et al., 2000). Vegetation transfers coarse solid organic matter to

streams in the form of dead leaves, branches, wood logs, and supplies dissolved

organic matter (Knight and Bottorff, 1984). Hence, vegetation is a vital source of

nutrition for terrestrial and aquatic organisms (Bis and Higler, 2001; Pusey and

Arthington, 2003; Verboom and Pate, 2006). Vegetation regulates light intensity

and microclimates by increasing humidity and moderating temperature through

evapotranspiration and the provision of shade (Allen, 2016). Microorganisms,

insects, animals, fungi benefit from the shelter that vegetation offers against

predators (Cook et al., 1974; Weinberger et al., 2019). Vegetation remedies

habitat fragmentation, and contributes to maintaining biodiversity (Naiman

et al., 1993).

1.1.2 Effect of vegetation on river flow and morphodynam-

ics

The effect of vegetation on river hydrodynamics is well known (Bennett et al.,

2008; Camporeale et al., 2019). In rivers, vegetation acts as an additional

hydraulic resistance for the flow, causing flow deceleration and deflection across

several scales and increasing the local roughness of the riverbed.

According to Baptist et al. (2007), the presence of vegetation in streams

provides an additional contribution to the total shear stress, thus conversely

decreasing the shear stress of the riverbed and limiting bed erosion processes.

However, the momentum absorption of submerged plants depends on their

density and shapes (Munar-Martinez et al., 2019). For example, in case of high

canopy densities in proximity of the riverbed, the related shear stress decreases

(Schoneboom et al., 2010). On the other hand, plants with low leaf density at
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higher flow depths trigger a ‘sub-canopy flow’ dominated by turbulent horseshoe

vortexes that increase the bed shear stress (Schnauder and Moggridge, 2009).

The extent of the impact of vegetation on the flow field depends on the mor-

phological and biomechanical properties of the plants. For instance, turbulence

intensity is linked to plant community composition. More precisely, turbulence in-

tensity increases when the vegetation is densely concentrated (López and García,

1998), and decreases when vegetation is sparse (Yager and Schmeeckle, 2013).

Many other morphological properties of the plants are capable of modifying

the flow field, particularly plant architecture, growth stage, species, plant area

exposed to flow, plant flexural bending, and depth of submergence. These last

two properties have caught the attention of many researchers (Baptist et al.,

2007; Carollo et al., 2005; Duan et al., 2006; Li and Shen, 1973; Musleh and

Cruise, 2006; Nepf, 1999; Rubol et al., 2016; Stone and Shen, 2002; Velasco et al.,

2003; Wilson et al., 2003). Meanwhile, the biomechanical properties exerted by

the root system cannot be neglected, as they provide stability to the plant and

resistance to balance hydrodynamic drag (Edmaier et al., 2011). It also well

known that the root network consolidates cohesive alluvial sediment and thence

increases soil resistance to fluvial disturbance (De Baets et al., 2006).

Vegetation exerts significant influence on sediment transport and deposition

processes. Plants enhance trapping of eroded sediment, both from water and wind

erosion (Gurnell et al., 2012), leading to the development of pioneer landforms

and expansion of riverbanks. Moreover, plants can also trap plant propagules

and promote the colonization of other plant species (Gurnell, 2014). By covering

bare soil, vegetation decreases erosion and soil moisture content through evapo-

transpiration, thence reducing the effects of waterlogging processes (Terwilliger,

1990). The local rate of sediment transport is also affected by the presence of

vegetation (Gyssels et al., 2005; Ishikawa et al., 2003; Prosser et al., 1995). This

is explained by the reductions in flow velocity and bed shear stress that occur
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because friction is exerted through the drag force acting on the vegetation. The

interaction between vegetation and sediment transport is challenging to frame at

field scale. Hence, only a limited number of studies on the direct measurements

of sediment transport are available (e.g. Lightbody and Nepf, 2006; Temmerman

et al., 2003). On the other hand, the majority of investigations to date have

relied on experiments at laboratory scale carried out on both artificial and real

vegetation (Barfield et al., 1979; Jordanova and James, 2003; Tollner et al., 1977).

Based on the foregoing, vegetation plays an essential role in river ecosystem

functioning. For this reason, Gurnell (2014) suggests that vegetation can act as

a proper ‘river system engineer’.

The study of the effect of vegetation on river morphodynamics has been

approached via field observations (Bertoldi et al., 2009; Hupp and Osterkamp,

1996), laboratory experiments (Errico et al., 2019; Gran and Paola, 2001; Tal

et al., 2004; Tal and Paola, 2007; Tambroni et al., 2016; Vargas-Luna et al.,

2019), and numerical simulations (Bertoldi et al., 2014; Caponi and Siviglia,

2018; Perucca et al., 2007; Siviglia and Crosato, 2016; Wang et al., 2019a) and

theoretical models (Bärenbold et al., 2016; Bertagni et al., 2018; Camporeale

and Ridolfi, 2006; Perona et al., 2009; Zen and Perona, 2020).

Vegetation is involved in several geomorphological feedback mechanisms (see

Camporeale et al., 2013 and Vesipa et al., 2017 for a review). For example, by

altering the flow field, vegetation has been found to determine the occurrence

of several trends in channel width. Vegetation can induce marked narrowing

and deepening of the channel (Gran and Paola, 2001; Hickin, 1984) and, less

commonly, can also cause channel widening by deflecting the flow towards the

banks (Anderson et al., 2004; Hey and Thorne, 1986). Bank accretion is another

frequent morphological feedback from the presence of vegetation in meandering

rivers. This phenomenon consists of the natural adjustment mechanism of the

river to the formation of new landforms at riverbanks as a result of vegetation
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establishment (Beeson and Doyle, 1995; Eschner et al., 1983; Vargas Luna, 2016;

Zen et al., 2016). Moreover, vegetation can reduce the degree of river braiding

and metamorphose into single-thread planforms. This phenomenon has been

observed both at laboratory (Gran and Paola, 2001; Tal and Paola, 2007; Tal

and Paola, 2010) and at field scale (Allmendinger et al., 2005). However, the

opposite has been found to occur in ephemeral rivers, where vegetation induced

an increase in channel formation and flow division into anabranching patterns

(Coulthard, 2005; Tooth and Nanson, 2000) . Recent theoretical models serve to

support this hypothesis (Crouzy et al., 2016). Vegetation can also trigger shifts

between braiding and meandering, according to the stages of growth and density

of vegetation in the channel (Millar, 2000).

The action of vegetation on river morphology is not an immediate result

of its establishment, but it is rather the outcome of ‘temporal adjustments’

between fluvial landforms and vegetation succession, as defined by Corenblit

et al. (2020). In other words, the biological timing of the plant has an important

influence on river morphodynamics. Corenblit et al. (2007) suggest that the

most active period during which vegetation competes with river processes is

the ‘biogeomorphic phase’. This phase represents the period when the interplay

between vegetation and river morphodynamic processes starts to determine

the evolution of the riparian landscape. Before the onset of this phase, plants

undergo a stage of vegetation recruitment whose duration is strongly affected by

environmental disturbances (e.g. hydrodynamic forces by waves and currents).

Such critical stage was conceptually framed by Balke et al. (2011). Balke et

al. (2011) introduced the concept of Windows of Opportunity with the aim of

estimating the timescale needed by plants (specifically mangrove seedlings) to

successfully establish in a bare substrates without being washed away. This

concept was further used as an operational framework by Eichel et al. (2016)

and Hortobágyi et al. (2018), who assessed the biogemorphic feedback window
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of vegetation establishment along lateral moraines slopes and on alluvial bars,

respectively. Recently, Caponi et al. (2019) used the Window of Opportunity

concept to model and explain the vegetation development observed on some bars

located along the Alpine Rhine river.

1.1.3 Flow impact on vegetation

The previous paragraphs have outlined the main ways in which vegetation

influences the morphological evolution of rivers. It should be noted that the

interaction between vegetation and river processes is mutual (Camporeale et al.,

2013; Camporeale et al., 2019).

Flow and fluvial processes control vegetation dynamics and their successional

trajectories through positive and negative feedbacks. In fact, one of the principal

actions exerted by rivers is the transport of seeds (hydrochory) and vegetative

propagule (e.g. seedlings, vegetative fragments, and drift-wood), which, when

water levels recede, are deposited on moist river surfaces and develop into veg-

etation (Francis et al., 2006; Gurnell et al., 2008; Mahoney and Rood, 1998;

Merritt and Wohl, 2002). River fluctuations are also beneficial to the forma-

tion of nursery sites, which are suitable areas for vegetation recruitment and

establishment (Vesipa et al., 2017). River flow enhances the provision of other

matter, such as moisture, organic sediments, chemicals, and nutrients (mainly

nitrogen and phosphorus), which are all important for vegetation encroachment

and establishment (Asaeda and Rashid, 2014; Sabater, 2000; Stella et al., 2013).

On the other hand, the flow can induce several negative responses by vege-

tation. An example is the formation of scour and deposition patterns around

and behind the plant. The scouring mechanism is driven by enhanced local

shear stress and turbulence (Yagci et al., 2016) and its scale depends on the

obstacle-diameter-to-sediment-size (Edmaier et al., 2015). As for scouring around
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the bridge piers, the higher this scale ratio, the more pronounced the scouring

(Manes and Brocchini, 2015; Melville and Sutherland, 1988; Roulound et al.,

2005). The erosive power of a river can expose the root system of the plant and

make it more susceptible to the actions of external forces. Especially during

peak flows, the combination of erosion processes and hydrodynamic forces can

cause plant damage and mortality through plant burial, plant anoxia, and plant

uprooting. Vegetation burial comprises coverage of the canopy and the stems

by post-depositional sediment disturbance (Carter Johnson, 2000; Levine and

Stromberg, 2001). The mortality rate induced by burial mechanisms is higher

than that induced by scouring (Kui et al., 2014). Plant anoxia is a process

triggered by limited capacity for root transpiration due to reduced oxygenation

during prolonged submersion (Dixon and Turner, 2006; Kozlowski et al., 1984).

Flow-induced uprooting involves a competing-mechanism between root resistance

and hydrodynamic forces (Edmaier et al., 2011), and its severity is considered to

be the main cause of seedling mortality (Bankhead et al., 2017; Crouzy et al.,

2013; Edmaier et al., 2015). Moreover, groundwater level fluctuations have a

significant impact on vegetation survival. Extreme drought conditions, due to

excessive depth-to-groundwater conditions, can cause the dessication and decay

of vegetation (Garssen et al., 2014; Kath et al., 2014). Water level is an important

influence factor on root biomass and architecture (Francis et al., 2005; Guilloy

et al., 2011; Hughes et al., 1997). Experimental observations have revealed that

the root density of riparian vegetation reacts differently according to flow regime

alterations (Gorla et al., 2015).

With the advent of ecomorphodynamics, the mechanism of plant uprooting

by flow started to receive considerable attention by scientists from different

disciplines, including geomorphologists, ecologists, and river engineers. The

flow-induced removal of plants is a complex phenomenon that depends, to a large

extent, on the resistance exerted by the root system. For this reason, before
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illustrating this mechanism, it is sensible to outline key findings concerning root

resistance and soil-root interaction.

1.2 Plant roots: ‘the hidden half’

1.2.1 Generalities

Known as the ‘hidden half’ (Waisel and Eshel, 2002), plant roots perform many

roles in the terrestrial and aquatic biomes, and knowledge of these roles is useful

in predicting vegetation-mediated ecosystem changes. Roots provide nutrition

and structure to the plant, affect the resilience of the ecosystem to environmental

and anthropological stresses (Fan et al., 2017), transfer carbon to the rhizosphere

(Smit et al., 2013), affect the structure of soil and its biological activities (Bertin et

al., 2003), and sustain below-ground biodiversity (Bardgett and Van Der Putten,

2014). However, the most important feature in terms of biomechanics is the

ability of roots to provide anchorage and stability to the above-ground biomass

of a plant subjected to external forces (Ennos and Pellerin, 2000; Fraser, 1962).

The resistance exerted by the root system is complex and depends mainly on the

root architecture, which is the spatial configuration of primary and secondary

roots in the soil and their interconnections (Gregory, 2006).

Due to the high variabilities of plant species, soil, and environmental conditions

(Malamy, 2005), several classification systems of plant root architecture have

been proposed. Cannon (1949) grouped root types according to the importance

of the root emergence process, and distinguished primary and adventious root

system (Figure 1.2). According to Cannon (1949), the main root system may be

considered monoaxial, and composed of primary roots and secondary roots. The

secondary roots are defined as developing from the primary one at first order,

second order, etc., of bifurcation. (Adventitious roots, by definition, arise from
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the shoot.) Kostler et al. (1968) identified three different architectures (taproots,

plate roots, and heart roots) according to the preferential growth direction of the

main and secondary roots. The classification proposed by Kostler et al. (1968)

is not generic, and is mainly restricted to mature vegetation and especially to

trees. Yen (1987) proposed another classification based on the branching pattern

of the root system, whereby the root system was grouped into five branching

patterns (VH-type, H-type, V-type, R-type, and M-type), according to their

primary functions (e.g. soil stabilization, resistance to external forces).

1.2.2 Mechanical anchoring and resistance to uprooting

The mechanical anchoring of plants is rather complicated, owing to the multiplicity

of variables involved. Indeed, root morphology (e.g. root diameters and length)

and topology (e.g. tortuosity, branching patterns) are the main parameters that

affect the rooting resistance. In addition, the soil properties (e.g. grain size

distribution and moisture content) and the root-soil ball interface also play an

important part (Dupuy et al., 2005; Ennos and Pellerin, 2000; Genet et al., 2005;

Pollen, 2007; Schwarz et al., 2010c).

Ennos (1990) was the first to propose a model that expressed the root

resistance of a plant with nr number of roots. Ennos derived three formulae,

according to the type of root failure that occurs when a plant is pulled out from

cohesive soil. The first formula refers to the resistance of roots to breakage:

F = nr
π

4
d2
rσr. (1.1)

The second models the root resistance to pullout:

F = nrπdrLrτs. (1.2)

The third expresses tensile failure at the soil-root ball interface as:

F = 2πL2
rσs. (1.3)
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Figure 1.2: Examples of primary and adventitious root systems (after Cannon, 1949).

Primary root systems: I - VI, adventitious root systems VII - X.

In the above expressions, Lr is the total length of the roots, σr is the tensile

breaking stress of the root material, and τs and σs are the shear and the tensile

strength of the soil, respectively. These laws are derived for plants of cylindrical

shape and constant diameter dr. Equation 1.2 describes the conditions often

encountered when pulling out plants with short roots or roots subjected to low

confining stresses (Gray and Leiser, 1982). However, root breakage occurs most
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commonly for longer and weak roots, as confirmed by Schwarz et al. (2010a) who

identified a breakage-slippage threshold from a length to diameter plot for different

values of branching coefficient. Root branching also has an important influence

on uprooting resistance; as reported by Dupuy et al. (2005) and Mickovski et al.

(2007), branches can lead to an increase in force resistance by 5 N per branching

point. In practice equations 1.1, 1.2, 1.3 are rarely individually applied because

the failure of roots occurs as a combination of all three mechanisms (Ennos,

1993). Root failure also depends on soil conditions. For example, moist and soft

soils have low shear strength. Hence, in moist soils the tension is transferred

slowly into the soil, and failure occurs at high depths. The opposite occurs for

dry and hard soils, where the shear strength is higher and failure takes place

near the stem base (Smit et al., 2013).

1.2.3 Plant pullout experiments

The approach most used to quantify root reinforcement is based on static up-

rooting experiments, or more commonly, pullout tests. A pullout test consists

of pulling a root out of the soil mechanically or by hand, and registering the

pulling force using a load cell. Pullout tests have been carried out at laboratory

scale on real plants (Bailey et al., 2002; Bankhead et al., 2017; Ennos, 1989;

Ennos, 1990; Liang et al., 2020; Mickovski et al., 2009; Schwarz et al., 2011) and

artificial plants (Dupuy et al., 2005; Kamchoom et al., 2014; Mickovski et al.,

2007; Stokes et al., 1996), and at field scale (Bankhead et al., 2017; Burylo et al.,

2009; Bywater-Reyes et al., 2015; Calvani et al., 2019a; Karrenberg et al., 2003;

Liu et al., 2011; Okada and Kurokawa, 2015; Tanaka and Yagisawa, 2009; Tosi,

2007).

Plant pullout tests provide useful information about the ways root morphology,

topology, and mechanical properties react to external forces. Generally, the
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results of pullout tests have shown that the rooting force correlates well with

geometric properties of the roots, such as rooting length and diameter (Edmaier

et al., 2014; Ennos, 1989; Mickovski and Ennos, 2002; Yoshioka et al., 1998).

Furthermore, Bailey et al. (2002) studied cooperation among roots, and found

that the occurrence of secondary roots can influence rooting resistance. However,

quantification of the input provided by multiple roots is rather complex, because,

contrary to the assumption by Ennos (1993), the resistance exerted by the

different root fibers may not be the same, because roots have different lengths

and friction properties (Coutts, 1983).

Correlation between pullout force and root architecture is more common in

laboratory tests. In field experiments, it can be difficult to recover an intact root

system, and so regression laws often rely on parameters that are easier to quantify.

In such cases, the force is often linked to the frontal area of the plant, the basal

stem, and the plant height (see e.g. Bankhead et al., 2017; Bywater-Reyes et al.,

2015; Karrenberg et al., 2003; Liu et al., 2011). In field pullout experiments,

the higher heterogeneity of the trajectories of roots in the soil leads inevitably

to higher variability in their biomechanical properties (Giadrossich et al., 2017;

Riestenberg, 1994; Schwarz et al., 2011; Vergani et al., 2016). For example, it has

been found that for the same root diameter, different roots had notably different

strength (Loades, 2010; Schwarz et al., 2011). Moreover, water and nutrient

availability can affect root morphology and topology and, in turn, root resistance

(Markesteijn and Poorter, 2009; Trubat et al., 2006). For instance, soil water

suction has been found to influence pullout resistance significantly by modifying

the strength properties and the deformation characteristics of the roots (Easson

et al., 1995; Edmaier et al., 2011; Ennos, 1990; Schwarz et al., 2011). More force

is required to uproot plants growing in less moist sediment, compared with fully

saturated sediment (Edmaier et al., 2014; Pollen, 2007; Pollen-Bankhead and

Simon, 2010).
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1.2.4 Flow erosion experiments

Controlled flow erosion experiments have recently been used to assess the ability

of plant root systems to resist external forces (i.e. water-induced drag). In

particular, the benefit of controlling the flow erosion processes and plant time

removal has made this approach very effective. Edmaier et al. (2015) and Calvani

et al. (2019a) used controlled-erosion flume experiments to study the mechanics

of flow-induced uprooting of seedlings. The controlled flow regime and the

quasi-parallel erosion allowed Edmaier et al. (2015) and Calvani et al. (2019a) to

assess the critical rooting length, a variable corresponding to the residual rooting

depth of the plant when uprooting occurs. In practice, the critical rooting length

is a relevant indicator to assess the percentage of biomass either uprooted or

surviving after a flooding event.

Flow-induced uprooting of vegetation has also been investigated through

field experiments and observations. Pasquale (2012) tested the resistance of

transplanted cuttings to flow erosion processes on a river bar in the Thur River,

Switzerland. By monitoring the evolution of above- and below-ground biomass

of the cuttings and simulating the morphodynamic evolution of the river, cutting

survival was estimated as a function of flow erosion/deposition rates. However, in

this case, the challenges associated with tracking river processes and vegetation

recovery after uprooting meant that an accurate estimation of the critical rooting

length could not be obtained.

Vegetation jet tests comprise another experimental technique that can be used

in situ to assess the erosion resistance and cohesive soil reinforcement provided

by plant roots. For example, Pollen-Bankhead et al. (2011) used jet-testing

measurements to quantify the water erosion resistance of aquatic vegetation

established on the margins of the River Blackwater (UK). Pollen-Bankhead et al.

(2011) used the critical shear stress of the soil obtained from the tests to estimate
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the scour depth that might occur and cause vegetation uprooting. Although this

approach has been widely applied (e.g. Hanson, 1990; Hanson and Simon, 2001),

its shortcomings need to be taken into account (e.g. comparability between

erosion induced by jet dynamics to that determined by river erosion processes).

1.2.5 The role of vegetation roots in soil reinforcement

River bedforms are not the only features affected by the presence of vegetation.

Indeed, a major focus has also been on the role of riparian vegetation on the

mechanical and hydrological reinforcement of riverbanks and margins (e.g. Burylo

et al., 2009; Hughes, 1997; Pollen and Simon, 2005; Pollen-Bankhead and Simon,

2010; Simon and Collison, 2002; Stolzy and Barley, 1968).

Vegetation roots enhance soil fixation and reinforcement against erosion

and landslide processes. Plants reduce moisture content in the soil and at its

surface through plant canopy interception, evaporation, and transpiration, and

through the creation by roots of macropores in the soil across which the water

infiltrates at higher rates (Ghestem et al., 2014; Greenway, 1987; Gyssels et al.,

2005). However, this increased infiltration capacity may cause the water table

level to rise, elevating seepage pressure, and so increasing the risk of landslide

(Cammeraat et al., 2005; Collison and Anderson, 1996; Nyssen et al., 2002). The

hydrological effect of riparian vegetation is difficult to quantify, given that it is

controlled by plant types, soil properties, rainfall intensity and frequency, etc.

Regarding their mechanical effect, roots have been found to reinforce soil

due to their high tensile strength and adhesion properties (Ekanayake et al.,

1997). Roots are strong in tension but weak in compression. Conversely, soil is

generally strong in compression but weak in tension. Hence, root-soil material

binds together to create a composite material with enhanced strength (Thorne,

1990). There has been a long debate about the ideal type of roots for streambank
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stability. At first sight, fine roots look more suitable for achieving this aim given

their small surcharge and their fibrous component, which provides more strength

for unit area (Gyssels et al., 2005; Operstein and Frydman, 2000). Although they

do not have these advantages, coarse roots can compensate for the shortcomings

of their inherent shortness through an ability to penetrate deeply and because of

their higher bending stiffness (Bischetti et al., 2007).

The first step in modelling root reinforcement was taken in the late 1970s

by Wu (1979) and Waldron and Dakessian (1981) whose simple perpendicular

root models were based on an extended version of the Mohr-Coulomb equation,

with an enhanced shear strength component representing the root contribution.

This method is very simple in that it requires few input parameters. However,

the model assumptions are over-simplistic given that they speculate that roots

all break simultaneously and are mobilized instantaneously when a bank fails.

These assumptions lead to inaccurate overestimation of root reinforcement ability

(Preti, 2013). The ‘Wu and Waldron model’ conditions are not representative of

reality by negecting the progressive redistribution of stress on the roots.

To overcome this drawback, Pollen and Simon (2005) devised a fiber bundle

model (FBM), called RipRoot, which captures the progressive failure of roots,

under the hypothesis that the elastic properties of the fibers are the same. The

principle of RipRoot refers to a basic principle of standard FBM originally

proposed by Daniels (1945). FBM assumes that the maximum load withstood

by a bundle of fibers is less than the sum of each of the individual strengths.

Results obtained by implementing fiber bundle models show better outcomes

than obtained using the ‘Wu and Waldron model’ (Mickovski et al., 2009; Simon

and Collison, 2002). However, the foregoing fiber bundle models neglect root-

soil interactions, root failure mechanisms, and root geometrical and mechanical

properties.

These problems were overcome by Schwarz et al. (2010a), who implemented
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an improved Root Bundle Model by introducing a straining step loading method.

Recently, Schwarz et al. (2013) proposed another approach, called the Root

Bundle Model Weibull (RBMw). This method is novel in that it accounts for

variability in the root mechanical properties by using a probabilistic approach

(Weibull survival function).

Despite the progress achieved thus far, the foregoing models are only valid

for cohesive soils, which are common in riverbanks and hillslopes. The effect of

root reinforcement in cohesionless soils, such as comprise river bars and islands,

has been practically unexplored and is still based on limited investigations (e.g.

Bywater-Reyes et al., 2015; Pollen, 2007; Pollen and Simon, 2005; Simon and

Collison, 2002). This is because the mechanism of bonding between soil and roots

in cohesionless soil is complicated by the fact that fluvial erosion is regulated by

a threshold condition of incipient motion. Hence, once sediment mobilization

and transport is achieved, the shear stress on the riverbed induces substrate

erosion around the plant that exposes its root system to hydrodynamic forces

(Edmaier et al., 2011).

1.3 Mechanisms of plant uprooting by flow

Flow-induced plant uprooting depends on the geometrical and topological prop-

erties of roots, soil and moisture characteristics, river hydrology, and related river

processes (Edmaier et al., 2011).

The mechanism of plant uprooting by flow was conceptualised by Edmaier

et al. (2011), who identified two main types of root erosion mechanisms in non-

cohesive soils. Type I uprooting is quantitatively described as an equilibrium

between the destabilizing forces (drag and buoyancy forces) and the stabilizing

forces (root resistance).

Type I uprooting occurs as soon as the action exerted by flow drag and net
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Figure 1.3: Uprooted trees along the Brenta River, a braided river. The photograph

was taken in Ponte della Vittoria, Tezze sul Brenta, Italy.

buoyancy force exceeds the mechanical anchoring of the plant (Figure 1.4a). In

this case, the process is almost instantaneous and mainly applies to young and

weak vegetation, with root systems that are not sufficiently resistant to compete

against the action of the flow. The timescales of plant uprooting by flow of Type

I were investigated for the first time by Perona et al. (2012a) and by Crouzy and

Perona (2012), who discovered that the timescales of pioneer riparian vegetation

have a crucial influence on biomass selection induced by floods.

Type II uprooting occurs as a result of the combined action of drag and

buoyancy forces and bed erosion processes. In this case, scouring around the

plant decreases root resistance and increases the flow-impact area of the plant

by exposing part of the root system (Figure 1.4b). Type II uprooting represents
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a mechanism of competition between biologic and hydrologic timescales, as its

outcome depends on the resilience of the plant to recover and reinforce between

two consecutive floods. Hence, unlike its Type I counterpart, Type II uprooting

is a time-delayed mechanism that is typical of mature vegetation, or, in general,

of plants with a well-developed root apparatus.

Bywater-Reyes et al. (2015) provided a further classification of the uprooting

mechanism, noting that uprooting of Type II can occur differently according to

the type of process that initiates the scouring. Consequenty, Bywater-Reyes et al.

(2015) introduced Type IIa and Type IIb concepts. Type IIa uprooting refers to

self-induced local scour resulting from the formation of horseshoe vortexes caused

by vibration of the plant stem. Type IIb uprooting occurs as a result of erosion

processes extended to larger scale (e.g. bar- and reach-scale). However, the

distinction between uprooting of Type IIa and IIb is labile, as very often the two

mechanisms occur simultaneously. In fact, as explained in 1.1.3, scouring around

the plant depends on the obstacle-to-sediment size ratio. Furthermore, local

scour does not occur for plants with a porous structure of leaves and branches

because flow penetration through the canopy merely reduces the flow velocity

leading to sediment deposition only (Schnauder and Moggridge, 2009).

Before the concept of the uprooting mechanism was developed by Edmaier et al.

(2011), vegetation removal was given a marginal role in morphodynamic models.

Most investigations focused on vegetation feedback on river morphodynamics,

without considering the reverse mechanism. The first studies to include this

feedback define plant uprooting using a threshold condition for sediment motion.

For example, Bertoldi et al. (2014) developed a numerical model in which

vegetation mortality was represented by an exceedance condition of a modified

Shields number. A similar approach was used by Oorschot et al. (2016), who

proposed that plant mortality by flooding, desiccation, and high flow velocity was

determined by a dose-effect law linking vegetation mortality and morphodynamic
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Figure 1.4: Flow-induced plant uprooting mechanisms: a) Type I; and b) Type II.

The force components acting on the plant are the drag force (red vector), buoyancy

force (green vector), and root resistance (yellow vector) (modified from Edmaier et al.,

2011).

pressure. However, these approaches did not succeed in differentiating whether

vegetation removal or mortality were occurring as a result of uprooting, burial,

or anoxia. Given the strong correlation between uprooting mechanism and

root properties (see Section 1.2.3), these approaches were rendered invalid by

neglecting the resistance exerted by the roots.

Later, the contribution by vegetation removal was treated as a decay coefficient

in the logistic law (e.g. Camporeale and Ridolfi, 2006). However, determination

of this coefficient is not trivial because its value depends on the biomechanical

properties of the plants. For instance, as an approximate solution, the decay rate

was linked to the vegetation growth rate through a coefficient of proportionality

(e.g. Bertagni et al., 2018). Nevertheless, the vegetation decay coefficient is

closely related to the vegetation species, and there is a lack of experimental data

from which to assess a valid relationship between the coefficient and species.

A further step forward was achieved by Crouzy and Perona (2012) who defined
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the uprooting probability as a function of the PDF of root resistance, expressed

in terms of the root length. Recently, a major advance was made by Perona and

Crouzy (2018), who proposed a physically stochastic model to assess the PDF of

the uprooting time for the Type IIb uprooting mechanism. Perona and Crouzy’s

model requires knowledge of the erosion depth, Le, induced by scouring around

the plant, which, assuming the verticality of the root system, coincides with the

exposed portion of the root.

A value for the exposed root length can easily be measured in controlled

flume experiments (Calvani et al., 2019a; Edmaier et al., 2015) but is difficult

to establish in situ. In numerical schemes, approximations are therefore often

used, such as by Caponi and Siviglia (2018), who proposed a fixed quantification

of Le. However, given the strong dependency of Le on the root depth of the

plant, soil properties, and root anchoring resistance, the foregoing assumptions

may not always be realistic. Another approach was introduced by Calvani et al.

(2019a), who determined Le by expressing a balance between the destabilizing

forces acting on the canopy (drag and buoyancy force) and the resisting force of

the roots based on the general Mohr-Coulomb criterion for soil resistance.

Despite much recent research effort, knowledge as to how the biomechanical

properties of roots (and their related timescales) affect uprooting dynamics still

remains very limited.
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1.4 Context and research questions

The overview motivates the following research questions:

1. How do the structure and mechanical resistance of cutting roots

depend on local soil characteristics and water level regime, and

can the growth of cutting roots be controlled for flume experi-

ments?

Section 1.2.5 highlighted that vegetation can increase the mechanical re-

sistance of cohesive soils. However, limited knowledge exists about the

mechanism by which roots reinforce non-cohesive soils (e.g. sand). It is

therefore important to explore both the growth characteristics and the

mechanical properties of candidate plant (e.g. Salix ) cuttings subject to

different soil moisture levels. Furthermore, to date (see Section 1.2.4), flume

erosion experiments have been limited to seedlings. Therefore, this research

question also paves the way to using Salix cuttings as plant prototypes in

future flume experiments.

2. Can plant pullout tests be used to assess the critical rooting

length of plants for flow-driven uprooting processes?

The critical rooting length is an important variable that enables assessment

of the plant uprooting probability (see Section 1.2.4). However, this is not

as easy task because the critical rooting length depends on the erosion

processes and the residual root resistance of the plant at the time of

uprooting. Moreover, Section 1.2.3 revealed that pullout tests are the most

effective way to quantify root resistance through the link between uprooting

force and plant characteristics (e.g. rooting length). However, the link

between static uprooting force and water drag forces is still unknown.
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3. How assessment of the biological timescales can help identifica-

tion of the ‘biological windows’ when uprooting of wood logs

becomes feasible?

Wood logs can deposit on river bars as water levels recede (see Section

1.1.3). The favourable moisture conditions when wood logs strand can

promote root development. The likelihood for wood logs to develop roots

depends on an interplay between biologic and hydrologic timescales (Section

1.3). Although the dynamics of wood logs has been widely investigated,

very little is known about the time needed to re-mobilise them.

4. How do vegetation roots react to natural flow regime alterations?

How does vegetation affect riverine ecosystem resilience to per-

turbations?

As discussed in Section 1.1.3, the roots of riparian plants are highly reliant

on groundwater table depth, and can tune their biomass configuration ac-

cording to water regime alterations (e.g. river impoundments) even under

equal climate conditions and for the same vegetation species. However,

the sensitivity of the riverine ecosystem towards changes in root config-

uration (following a hydrologic shift) has not previously been assessed.

Likewise, there is a gap in knowledge regarding the signature that the hy-

drologic adaptation of root systems can leave in terms of riparian landscape

succession.
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1.5 Aim and objectives

The aim of this thesis is to investigate the biomechanical properties of vegetation

roots, their role in controlling the mechanism of vegetation uprooting by flow and

erosion processes, and their ultimate contribution to river ecomorphodynamic

processes.

To achieve this aim, the research objectives are:

1. To analyse how the root biomass of Salix cuttings reacts to different water

table regimes, and test how this affects rooting resistance to external forces;

2. To derive a free-body model to predict the critical rooting length, which is

a fundamental parameter for assessing the uprooting probability of flexible

vegetation by flow-erosion processes;

3. To investigate the biomechanical properties of small-scale wood logs at

different growth stages to provide insight, in terms of timescales, into the

phenomenon of re-mobilisation of stranded wood pieces from river bars;

4. To derive a combined analytical and numerical model to demonstrate how

the uprooting probability of vegetation can be utilised as an important

indicator of the statistical equilibrium states of riparian ecosystems when

perturbed;

5. To apply the model to a real case of river impoundment for validation

purposes.

The diagram in Figure 1.5 illustrates the linkage among the objectives listed

above. Objectives 1, 2, and 3 are all essential to reach objective 4, which, in

turn, leads to attain objective 5.

26



 

 

- Pullout rela�onship for actual 

   vegeta�on 

- Root adapta�on to water and 

   oxygen availability in the soil 

 

- Free-body model 

   deriva�on 

- Extrac�ng the cri�cal 

   roo�ng length 

 

- Es�ma�on of temporal 

   windows of uproo�ng 

 

 

                                    Model construc�on and applica�on to a real case study 

                 OBJECTIVE 1               OBJECTIVE 2                 OBJECTIVE 3 

                                                                         OBJECTIVE 4 

                                                                       OBJECTIVE 5 

- Cri�cal roo�ng length 

- Erosion depth 

- Formula�on of erosion 

   events 

- Root resistance  

- Ver�cal root pro�le 

Evalua�on of the UPROOTING PROBABILITY (riparian ecosystem state) 

understanding 

of the

quan��ca�on 

of the
framing 

of the 

Figure 1.5: Schematic diagram illustrating the linkage among objectives.

In more recent years, riparian ecosystems have been reshaped by anthro-

pogenic pressures, as well as by indirect stressors such as extreme climate and

flooding events. As a result, global concerns about the decline of the ripar-

ian ecosystem have driven researchers and practitioners to enhance the design

and optimization of river restoration strategies. The successful outcome of river

restoration projects relies on a complete understanding of the interaction between

vegetation dynamics, river flow, and sediment transport, all of which contribute

to the riparian landscape evolution. Hence, investigating the biomechanical char-

acteristics of vegetation and its timescales in relation to flow erosion dynamics
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represents a fundamental step for the sustainable management of water resources,

and the design of bioengineering techniques and urban ecological measures.

This thesis covers several different, but interrelated aspects of river eco-

morpohodynamics. In view of recent natural flow regime alterations and river

degradations, assessment of the biological and mechanical properties of ripar-

ian vegetation is important not only in terms of river restoration, but also in

foreseeing impending riverine ecosystem transitions.
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1.6 Synopsis

The remainder of the thesis is structured as follows. Chapter 2 describes the

test methodology and results obtained for the growth of 140 cuttings tested under

different water table conditions. Particular attention is devoted to statistical

analysis of how the decay rate and steadiness of water level affect the root

profile and its rooting resistance. The experimental results are used to verify

an analytical model. Chapter 3 presents a detailed derivation of the free-

body model, and describes its validation using three data sets obtained from

laboratory and field experiments. Important observations are made about the

stochastic footprint of the mechanism of flow-induced plant uprooting, through

implementation of a physically-based stochastic model. Chapter 4 explores the

dynamics of mobilisation of large fragments of wood pieces after establishment

on river bars. Results are presented from pullout tests on 326 small-scale wood

logs. Statistical analysis is provided of the below- and above-ground biomass,

and the results used to evaluate flow drag force and assess ‘biological windows’

when uprooting is likely to occur. Particular attention is given to the force-

displacement curves obtained from the uprooting signals, from which sequences of

force jumps are analyzed to shed light on root resilience and on the mechanism of

load redistribution among roots. Chapter 5 presents a framework for assessing

riparian ecosystem dynamics in response to alteration of the natural flow regime,

in terms of vegetation resilience to uprooting. A combined numerical and

analytical model is developed that computes the uprooting probability in and

in between two alternative stable ecosystem states. In Chapter 6, the model

is applied to a reach of the Maggia River, Switzerland, where aerial images are

available pre- and post-dam impoundment. A sensitivity analysis is conducted,

and the results interpreted to offer river management recommendations. Lastly,

the main findings and the impact of the work, and recommendations for further
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research are given in Chapter 7.
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Chapter 2

Hydrologic control on root growth

2.1 The role of cuttings in river restoration

Riparian vegetation plays an active, essential role in riverine ecosystems, and so

it has been widely cultivated as a strategy towards the sustainable management

and restoration of rivers. However, the effectiveness of plants in river engineering

largely depends on their root systems. Plant roots are well known to reinforce

cohesive soils (see e.g. Mickovski et al., 2009; Millar, 2000; Pollen, 2007), and

induce mechanical sediment cohesion in non-cohesive soils such as found in river

bars and islands (De Baets et al., 2006; Gyssels et al., 2005; Xie et al., 2006).

Despite this, attentive investigations on the role played by the below-ground

biomass on soil stabilisation are still scarce, especially for non-cohesive materials,

for which root type, growth pattern, and architecture are fundamentally important

(Masle, 2002).

The ability of plants to develop adequate rooting resistance depends on sev-

eral factors. Plant anchorage strength is affected by the depth and the spatial

branching density of the root system (Ennos and Pellerin, 2000; Schwarz et al.,

2010b) and the moisture and texture of the soil (Pollen, 2007). Hence, the

reintroduction of riparian plants in corridor ecosystems requires a full under-

standing of the candidate plant species and its interaction with river hydrology

and geomorphology.

Besides, restoration and propagation of riparian species do not occur sponta-
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neously, and so vegetation usually has to be regenerated from seeds or fragments.

Even though seed-based regeneration ensures genetic biodiversity and is the most

effective approach, germination is strongly influenced by external disturbances

(e.g., wind) and may be difficult to control. Therefore, it is instead common

to use clonal propagation from dormant and rootless cuttings as a reliable way

by which to propagate riparian species (Bentrup, 1998; Cronk and Fennessy,

2016; Pezeshki et al., 2007; Winfield and Hughes, 2002). Clonal propagation of

riparian vegetation has become a prominent strand of river management owing

to its cost-benefit advantage and likelihood of success.

Salicaceae species are the most common kind of vegetation used to restore

rivers because of their fast growth rate on wet subsurface sediments of exposed

river bars (Müller and Scharm, 2001) and their ability to adapt to extreme

groundwater level configurations (Hupp, 1992; Pasquale et al., 2012; Shields Jr et

al., 1995). Salicaceae exhibits high tropic response by tuning their below-ground

biomass distribution according to river flow fluctuations and oxygen availability

(Pasquale et al., 2011). Unlike other species, Salicaceae has a particularly solid

root system (Karrenberg et al., 2003), is able to survive long periods of inundation

periods, and produces adventitious roots to deal with soil anoxia (Vandersande

et al., 2001).

Despite the many qualities of Salicaceae species, revegetation projects can

face difficulties. Although mature Salix plants can adapt to drought conditions,

the same is not yet true for young transplanted cuttings whose vascular root

tissue is still in the early development phase. For example, lack of water can

cause plant dessication with a consequent high mortality rate (Rood et al., 1998;

Shields Jr et al., 1995; Wolfe, 1992). Hence, once the plant substrate characteris-

tics have been assessed, the water table level and the related plant root depth are

crucial parameters in the successful implementation of river restoration projects

(Abernethy and Rutherfurd, 1998; Bätz et al., 2016; Simon and Collison, 2001).
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Owing to the lack of a standardized approach to the reintroduction of native

species, specific assessments are necessary to determine the tolerance of a specific

species to different water stresses.

This Chapter presents results from a series of laboratory experiments de-

signed to study the effect of different water table regimes on the root biomass

development of Salix cuttings at their early stage of growth. The root biomass

distribution was compared to the analytical root profile obtained using the model

of Tron et al. (2014). A series of pullout experiments were then performed to

test whether or not the vertical distribution of the below-ground biomass had a

crucial influence on root resistance during the early growth stages (e.g. when

cuttings are prone to uprooting). Proper analysis of the establishment of riparian

vegetation along river corridors is essential in order to predict the impact of those

anthropic disturbances on the river morphology. Thus, a general understanding

of the ability of Salix cuttings to thrive under shifting hydrological conditions

becomes essential for river restoration plans aimed at minimizing the effects

of flow regulation actions on groundwater-dependent ecosystems while meeting

their functional requirements. Furthermore, the results obtained from these

experiments have opened the possibility of using this species as a prototype plant

for investigations into plant uprooting by flow.

2.2 Experimental procedure and set up

Three laboratory experiments were undertaken to test the growth response of

the below-ground biomass of Salix cuttings to different hydrological treatments.
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2.2.1 Plant species selection

The samples used in these experiments were harvested from a single tree located

on the riverbanks of the Braid Burn, close to the King’s Building campus in

Edinburgh. The species of the tree were identified as a Salix fragilis or more

commonly "crack willow". Salix fragilis is a perennial plant native to Europe

and Western Asia and it is one of Britain’s largest native willows. This species

colonizes floodplain islands and river bars and riverbanks (Wardle, 1991) and has

been widely used to reduce hillslope failure along rivers and mitigate flooding

risk (Lester et al., 1994). Salix fragilis was chosen for its well-known ability to

reproduce from cuttings or broken branches (Howell et al., 1994). Depending on

geographical location, other choices are possible. For instance, along the River

Thur (Switzerland), the two main species studied are Salix viminalis and Salix

Alba (Gorla et al., 2015; Pasquale et al., 2012), both of which are predominantly

spread along the riverbanks and bars of the river.

2.2.2 Cutting recruitment and collection

Cutting acquisition was carried out following guidelines provided by Dirr (1987).

Cuttings were selected from tree branch sections that appeared to be roughly at

the same stage of development and in a satisfactory state of health and vigor.

Branches with flower buds were not considered because they may have grown

in preceding seasons. Moreover, only branches that exhibited several buds were

selected to ensure successful sprouting. Cuttings, once recruited, were cut into

target lengths and then placed into buckets and watered until roots grew about

1 mm long. This practice made it possible to identify, in time, which samples

did not produce any roots and would not have been statistically significant in

terms of the aim of the experiments.
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2.2.3 Cutting planting and extraction

Cuttings were randomly assigned to rhizoboxes and planted vertically at different

burial depths. At the time of planting, the soil was dry. Hence, the soil

was moistened once the initial water level designed for the treatment had been

prescribed. To vary the water table level in the sediment, rhizoboxes were designed

to be permeable by placing geotextile layers at their beds. The rhizoboxes were

inserted inside a bigger container filled with water, with the water level maintained

at a target saturation level in the sand. Each container could hold two rhizoboxes

(Figure 2.1). Given the limited size of the rhizoboxes (24 cm x 24 cm in plan, 30

cm deep), only one cutting was planted in each rhizobox to avoid root interactions

among the samples.

The soil consisted of a 25 cm layer of washed mineral sand with a mean

grain size of ∼ 1 mm (see Figure 2.2). This type of sediment was chosen due

to its similarity with size classes typically found on riverbanks and bars, and

which are particularly favourable for maintaining moisture. The sand used was

chemically inert and did not contain any organic material. Cuttings were not

treated with nutrient, and so the water was the leading variable influencing

plant biomass evolution. Under these circumstances, growth was limited by the

internal resources of the plants. The samples grew in an environment with an

average ambient temperature of 24◦C and maximal diurnal fluctuation of about

4◦C.

The above-ground biomass evolution and the state of health of the plants

were monitored. The combined length of the stems was measured on average

three times per week; here the length of the stems does not include the length of

the cutting, but only the length of the branches.

Once each experiment ended, most of the cuttings were removed manually

from the soil, with some others uprooted by a pulling mechanism used to test
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rooting resistance. Once extracted from the soil, the cuttings were washed in

water to remove sand grains.

To obtain the vertical root biomass configuration within the soil, the position

of each root was recorded using the following procedure. First, each root was

assigned to a depth class determined along the depth axis, taking the soil surface

as a reference point. The magnitude of each class interval was set to 2.5 cm,

except for the classes just below the soil surface and at the bottom of the rhizobox,

each of which were 1.25 cm wide. The interval value of 2.5 cm was convenient

for detecting the depth of any roots that grew deeper than the cutting to the

bottom of the rhizobox. Roots were scanned at an image resolution of 600 dpi

and the root surface area computed using an image analysis system (WinRHIZO

BASIC 2009, Régent Instruments Canada, Inc.).

Figure 2.1: Rhizobox experiments: a) experimental setup; b) focus on a full-grown

cutting. From the background, it can be seen that each cutting is planted at the center

of its rhizobox.

2.2.4 Water level regime

Three experiments were conducted for five different treatments (A, B, C, D,

and E) each of them with two water regimes: low and high. The samples used

had lengths equal to 10, 15, and 30 cm, with mean diameter, d̄ = 1.27 cm and
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Figure 2.2: Sediment size cumulative distribution for washed mineral sand.

standard deviation, σL = 0.18 cm. Table 2.1 lists the treatment parameters, and

Figure 2.3 shows the controlled evolutions in water table level applied for the

different treatments.

The use of different water table regimes allows to study the roots’ response

to variations of the water and oxygen availability in the soil. Given the ability of

the phreatophytic roots to redistribute and adjust to lowered water table depths,

the use of different rates of water table decline enables to analyse whether, and

to what extent, it is possible to guide the root biomass concentration at low

depths. Contrarily, adopting high water table conditions allows to recreate the

opposite scenario: maintaining the root density near the soil surface. Deep and

shallow roots exemplify different root strategies to cope with a lack of water and

oxygen in the soil, respectively. These scenarios have already been observed in

field experiments (e.g. Pasquale et al., 2012), but it is essential to reproduce

them at the laboratory scale, where the water table regime can be monitored.

Furthermore, the possibility of reproducing different root biomass configurations

at a small-scale would lead to advances in the development of flume erosion

experiments aimed at investigating flow-induced plant uprooting.
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Table 2.1: Size, growth duration, burial depth (zc), and number of samples utilized

in the different water level treatments.

exp Treatment sample size [cm] growth time [days] zc [cm] number of samples

1st A 10, 15 30 7, 10 30

1st B 10, 15 18 7, 10 30

2nd C 10, 15 36 5 30

2nd D 10 49 5 30

3rd E 30 62 25 20

The first two experiments were run using samples with shallow burial depth (5

cm, 7 cm, and 10 cm). The third experiment was undertaken using cuttings that

had burial depth equal to sediment depth: 25 cm. The low water table scenarios

were designed according to the burial depth of the samples. For low values of

zc, the water level was progressively lowered to a steady-state condition. Hence,

different water level control operations were implemented to prevent drought

conditions occurring during the very first days of growth. A different approach

was used for Treatment E. In this case, cuttings were planted to the bottom of

the rhizobox, and so were less likely to suffer adversely from a steady low water

level regime.

The first experiment tested 60 cuttings, of which 30 received Treatment A

and 30 received Treatment B. In A, the samples were subjected to a progressive

decline in water level at a rate of 0.75 cm day−1 until the 26th day, after which

the level was kept constant at 5.5 cm. On the base of the root biomass allocation

obtained from Treatment A, the following water decline rates were adjusted to

reach the proposed aim. In B, the water level was lowered using larger steps

of equal magnitude (5 cm) albeit at different frequencies. Turning to the high

water level scenario: in A, water was lowered gradually to 22 cm, whereas in B

the level was kept constant (20 cm) throughout the duration of the experiment.
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Figure 2.3: Time-histories of water level control operations for each treatment. Both

low and high water table scenarios are displayed for: a) Treatment A; b) Treatment B;

c) Treatment C; d) Treatment D; and e) Treatment E.

In the second experiment, 60 cuttings were tested: 30 samples subjected to

Treatment C and the remainder to Treatment D. Treatments C and D have

similar water level regimes. In tests involving low water table conditions, the

water level was abruptly lowered by 18 cm on the 11th day in C and on the 7th

day in D. In both treatments, steady-state conditions became established after

a gradual decline in water level. In high water level scenarios, the levels were

dropped to 20 cm synchronously with the respective low water regimes.

In the third experiments, 20 samples were tested. Due to laboratory space

limitations at Edinburgh, it was not possible to maintain the same number of

samples as in both the first and second experiments. The cuttings tested in E

were 30 cm long and buried throughout the whole depth of the sediment layer.

Prescribed water levels were maintained constant throughout the experiment: 5

cm for the low water regime, and 20 cm for the high water regime.
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2.2.5 Soil moisture regime

Water level variation in the container caused changes to the soil’s moisture

content, which depends primarily on the texture of the ground material. As

expected for fine-grained material, a high rate of capillary rinse was observed.

More specifically, the capillary rise led to a capillary fringe of 6 cm and occupied

a transition zone, indicated as Lg, of length about 12 cm (Figure 2.4). Whereas

the capillary fringe comprises a nearly-saturated zone above the water table

(De Marsily, 1986), the transition zone is formed by an unsaturated layer located

above the capillary fringe. Here, Lg is considered to be the optimal zone of

root water uptake (Loheide et al., 2005; Tron et al., 2014). This is explained by

the fact that this layer is located neither very close to the water table, where

roots may die of anoxia, nor too far from the water table, where water from the

capillary fringe cannot rise further (Naumburg et al., 2005; Orellana et al., 2012).

Unsaturated zone 

Transi�on zone: Lg 

Soil surface 0 

Capillary fringe 

z 

Water table 

Figure 2.4: Definition sketch of different soil zones occupying the space between the

soil surface and the water table. Note that the z-axis is directed vertically downward,

with the origin coinciding with the soil surface.

It is well-established that the soil moisture regime plays an important role in

roots growth, especially during the initial establishment phase of the plant (Li
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et al., 2004; Pezeshki et al., 1998). Therefore, a wide variation in soil moisture

regime was selected to test the response of root biomass allocation and the rate

at which the roots adjusted their morphology to the newest condition.

2.2.6 Pullout procedures and materials

The pullout mechanism used to extract the samples comprised a motorized pulley

system similar to that of Edmaier et al. (2014) (Figure 2.5). Pullout tests were

performed on 40 random samples, 24 of which were subjected to Treatment A,

and the remaining 16 to Treatment E. Pullout tests were carried out for low and

high water level scenarios, except for cuttings with deep burial depths, which

were also tested in soil saturated conditions.

Figure 2.5b shows the plant-wire connection system that was designed to

apply direct traction. Cuttings were clipped to a double loop nylon wire. The

loops were tied using two drawing pins that had been pierced into lateral surfaces

of the cutting before planting to avoid disturbing the anchorage of the plant.

Cuttings were pulled up at a constant vertical speed of 1.71 mm/s by a computer-

controlled motor-encoder (EPOS), which enabled force fluctuations induced

by the root system to be recorded. Cuttings were pulled-out mechanically as

shown in Figure 2.5a. The vertical uprooting force was recorded at 100 Hz by

piezoelectric force sensors (Kistler) with force ranges of ±50 N and ±100 N. The

output load cell charge was then routed directly to an external charge amplifier

(Kistler) that produced an output voltage signal proportional to the mechanical

force.
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Figure 2.5: Schematic of the pullout experiment. a) Motorized pulley system whereby

the cutting is uprooted by an external force applied by a motor whose rotation was

measured by an encoder. The exerted force F was continuously recorded by a load cell

attached to an amplifier that, in turn, was connected to the computer. The modulus of

F is equal to the anchoring resistance expressed by the vector R developed by the root

system; b) Photograph showing detail of the plant-wire connection system.

2.3 Results: below-ground biomass

Distributions of below-ground biomass over the soil depth were represented in

terms of mean values that were computed according to the amount of biomass

contained in each depth class for plants of equal burial depth. Here, the averaged

value of biomass is defined by Ār, the mean surface area of the roots.

An analysis of variance was used to test whether there was a statistical

difference within and among treatments. Statistical analysis was undertaken

to compare the values of Ār at each class over the soil depth where biomass

occurred. The test used in most cases was an One-way ANOVA. However,

whenever the ANOVA assumptions were violated, data were further tested using

a non-parametric Kruskal–Wallis test. The p-value approach to hypothesis
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testing was computed with standard statistical tools embedded in Matlab and

then compared to a significance level of 5%. Hence, every time the p-value is

less than 5% the test proves to be statistically significant. The evolution of Ār

over the soil depth is discussed for each Treatment and value of zc.

2.3.1 Treatments A and B

The similar magnitudes of the data presented in Figures 2.6a and 2.6b indicate

that neither the low or high water table regimes influenced root biomass signifi-

cantly except for the 3th class in Treatment B (p-value=0.03). Moreover, use of

the different treatments did not affect the way the biomass developed under low

and high water level scenarios. The statistical tests support this interpretation,

providing p-values higher than the significance level (0.05). In both treatments,

biomass is mostly concentrated between the soil surface and the first three classes.

The only discernible difference is the mode of the distribution in Figure 2.6b,

which reaches higher depth.

Very similar results are presented in Figures 2.7a and 2.7b, where the only

noticeable difference from Figure 2.6 is that the biomass extends down to the

5th class and the total root biomass is slightly higher overall. This increase in

biomass occurred because the cuttings extended 3 cm deeper into the sand. The

results suggest that the influence of zc in Treatments A and B does not have any

statistical effect on the root biomass (p-value > 0.05).

The high concentration of root biomass in the shallow layers of the soil may

be related to the high retention capacity of the sand. The low water level control

operations performed in Treatments A and B may not have ensured that the

decay rate of the zone above the capillary fringe, Lg, was faster than the root

growth rate. Almost surely, this may have influenced the preferred direction of

growth of the roots. The occurrence of shallow roots may also be explained by
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the low values for zc in the Treatments A and B.

Similar results were obtained by Koch and Kollmann (2012), albeit for a

different riparian species. The authors Koch and Kollmann (2012) also subjected

cuttings with 5 and 10 cm burial depths to laboratory treatments involving low

and high water level regimes. The results showed that survival and biomass

production were higher for deeper cuttings, and that the variation in water level

was not related statistically to the burial depth of the plant. On the other hand,

laboratory experiments carried out by Francis et al. (2005) on Salix elaeagnos

in sand showed that the root biomass was able to keep up with a water table

declining at 1 cm day−1. Better performance was found for the same species,

which exhibited a high rate of root elongation for a water table declining at a

rate of 3 cm day−1 over a duration of 21 days (similar to the present study).

This implies that a similar water table decline can nevertheless induce different

root biomass reactions for different willow species (Bouma et al., 2001) and that

the nutrient supply used by Francis et al. (2005) may also have an important

repercussions for biomass development.

2.3.2 Treatments C and D

The results presented in Figures 2.8a and 2.8b exhibit different vertical distribu-

tions in root biomass than in Figures 2.6 and 2.7. The fact that deeper roots

are produced for a lower value of zc = 5 cm, implies that the value of zc does

not have a substantially limiting effect on the ability of a plant to produce roots

at higher depths.

Here, the choice of water level control strategy seems to be the primary

influence factor on the development of root biomass. The low and high water

level regimes in C do not have a remarkable influence on the biomass distribution,

except for the first class (p-value = 0.006).
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Figure 2.6: Vertical root biomass distribution at each depth class for high and low

water table regimes and zc = 7 cm: a) Treatment A; and b) Treatment B. Orange

and blue lines indicate the high and low water levels reached during the last day of

treatment. The dashed black line indicates the burial depth of the cutting. Note that

the sketch of the cutting is representative for both treatments and that the roots are

included solely for illustrative purposes.

This is not the case for Treatment D, where, apart from the first and second

classes, the biomass obtained for the low water regime is statistically different

from that obtained for the high water regime. The low water level regimes of

both treatments have led to a similar root biomass configuration (p-value > 0.05).

However, the same does not apply for the high water level regimes. Root biomass

has shallower structure when the high water table is maintained at a steady-state

level for longer time (see Figure 2.3d). Thus, in light of the similarity between

the high water regimes in C and D, the duration of the experiment may have

been responsible for the two different biomass distributions.

From Figure 2.8b it is also clear that the high and low water level regimes

induce mild oxytropic and hydrotropic responses of the root systems, respectively.
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$\barA_{r}$ [cm$^2$] 
Figure 2.7: Vertical root biomass distribution at each depth class for high and low

water table regimes and zc = 10 cm: a) Treatment A; and b) Treatment B. Orange

and blue lines indicate the high and low water levels reached during the last day of

treatment. The dashed black line indicates the burial depth of the cutting. Note that

the sketch of the cutting is representative for both treatments and that the roots are

included solely for illustrative purposes.

Pasquale et al. (2012) observed similar root growth behaviour, with of a

shallow root system providing evidence of oxytropism. This behaviour occurred

most frequently in cuttings subject to regular inundation. Samples grown in less

moist soils exhibited the opposite trend in behaviour. Extension of the duration

of the experiment with Treatment D would therefore have probably led to a

much more distinctive root tropic response to oxygen and water.

The outputs of Treatments A, B, C and D present opposite behaviour com-

pared to the results obtained by Amlin and Rood (2002), who found that an

abrupt decline of the water table had a significant impact on the survival rate

of willow cuttings, whereas a gradual decline in water table (between 1 to 2

cm day−1) led to depth-wise elongation of the roots. Such discrepancies may

be explained by differences in duration of the experiment, and thickness and
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composition of the sediment layer. In the experiments carried out by Amlin and

Rood (2002), the duration was longer, and the sediment was about 100 cm deep

and contained a percentage of coarse gravel that, almost certainly, had an effect

given the reduction in retention capacity.

Figure 2.8: Vertical root biomass distribution at each depth class for high and low

water table regimes and zc = 5 cm: a) Treatment C; and b) Treatment D. Orange

and blue lines indicate the high and low water levels reached during the last day of

treatment. The dashed black line indicates the burial depth of the cutting. Note that

the sketch of the cutting is representative for both treatments and that the roots are

included solely for illustrative purposes

2.3.3 Treatment E

Hydrotropic and oxytropic behaviour of the root system is particularly evident

in Figure 2.9. A steady-state low water level induced high concentration of root

biomass towards the lowest depth classes. The converse occurred by maintaining

a constant high water level over the entire duration of the experiment. The

samples shown in Figures 2.9b1 and 2.9b2 can be considered as representative of

the two root biomass configurations.
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Both samples also exhibit a similar quantity of root biomass in the middle of

the cuttings length, exactly where the two different biomass trends switch. The

results of the statistical tests confirm this. ANOVA null hypothesis is invariably

rejected, except for depth ranges between 6.25 cm and 13.75 cm. This can be seen,

for instance, in the boxplots in Figure 2.10a, where the p-value for the biomass

contained in the class 11.25-13.75 cm has a value higher than 0.05. Figure 2.10b

shows instead that in the following class, 13.75-16.25 cm, the p-value is much

lower than the significance level.

Figure 2.9: Vertical root biomass at each depth class for high and low water table

regimes and zc = 25 cm: a) root biomass distribution for roots grown under Treatment

E; b1) sample of cutting grown in low water table regime; and b2) sample of cutting

grown in high water table regime. Orange and blue lines indicate the high and low

water levels reached during the last day of treatment. The dashed black line indicates

the burial depth of the cutting.

The biomass distribution obtained for Treatment E is similar to that of

Gorla et al. (2015), who found that the root volume of (juvenile Salix viminalis)

cuttings developed a second mode at high depth values owing to the minimum
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flow regime.
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Figure 2.10: Boxplots obtained from the Analysis of Variance of the root surface

area for biomass occurring between: a) 11.25 and 13.75 cm; and b) 13.75 and 16.25 cm.

‘high’ and ‘low’ stand for high and low water table regimes, respectively.

Such a trend was even more marked in (Salix alba) cuttings tested in the field

campaign carried out by Pasquale et al. (2012). In this case, cuttings that had

grown at higher elevation on the river bar, hence relatively far from the water

table, exhibited high root densities at the lowermost part of the stem.

At the light of these results, it becomes clear how cuttings themselves act as

primary roots. The deeper the primary root, the greater the likelihood that the

plant would produce secondary roots. This explains why the potential occurrence

of roots was higher in cuttings of greater burial depth. Even though the root

depths in Treatments C and D were higher than those obtained in Treatments A

and B, the plant shooting capacity can be still considered almost zero at depths

higher than zc.

A longer duration of the second experiment could have likely induced a

root biomass configuration similar to that of Treatment E. However, it is not

yet known whether the internal resources of smaller cuttings would have been

sufficient to ensure the same rate of root biomass production over longer growth

periods. Further experiments are needed to resolve these open questions.
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The small timescales considered in the present experiments have revealed

the ability of the plants to cope with different soil water conditions during

the growth phase (that is most impactful on their establishment and flood

survivability). Subjecting cuttings to steady low water level regimes appears not

to be detrimental to the health of Salix fragilis and has highlighted the important

role played by the retention capacity of fine sediment.

The results obtained provide evidence that burial depth and water table con-

figuration influence root distribution in sandy soils. However, the behaviour may

be different for other species and even within the same species when reproduced

through seedling procedures and under different environmental conditions. These

results have also confirmed that the shape of the root biomass of Salix cuttings

can reveal the availability of oxygen and water in the soil.

2.4 Results: above-ground biomass

Above-ground biomass is represented in terms of the averaged value of the

combined length of the stems, L̄s. The average was computed at a set (constant)

time for all samples with equal exposed lengths, he, and that were subjected to

the same water level regimes and treatments.

Growth trends of the above-ground biomass were fitted by logistic curves,

which describe the growth of the plant limited by carrying capacity that is

represented in the present case by the internal nutrient reserves of the cutting

(Hsu et al., 1984; Schimpf et al., 1977). It is important to mention that the

logistic law can be considered a reasonable approximation up to a certain stage

of plant growth. Due to lack of nutrients, plants undergo resource depletion,

during which stage they will start progressively decaying. Given that the aim

is to investigate plant properties at the early-stage of growth, the logistic curve

provides a representative law for the averaged growth of the stems until all the
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resources of the cuttings have been depleted. The logistic curve for L̄s(t) reads:

L̄s(t) =
c

1 + e−kl(t−t0)
(2.1)

where c is the maximum value of the curve, which coincides with the averaged

total stem length recorded during the last day of growth, kl is the logistic growth

rate, and t0 is the location of the midpoint of the sigmoid.

Table 2.2 lists the coefficients kl and t0 obtained for each curve.

From the panels in Figure 2.11 it can be seen that there are no substantial

differences for the various treatments, except in certain cases where the samples

subjected to low water regimes developed longer stems than those under high

water regimes. Such situations only occurred for Treatment B when the exposed

length was 3 cm, in D, and imperceptibly for Treatment A when the exposed

length was 5 cm.

Initially, it may be assumed that high water level regimes can be less favourable

to the development of above-ground biomass. However, the opposite behaviour

can be identified in Treatment A, when he = 5 cm, Treatment C and Treatment

E. In C, the higher values of L̄s obtained for high water conditions follow from

the exposed length of the tested samples being twice that of samples subjected to

low water conditions. On the other hand, in E, the low water conditions may be

"too" low to guarantee the same growth rate as that observed for the high water

regime. Furthermore, it is evident that, due to the lowest duration of Treatment

B, the maximum length of the stems does not represent the carrying capacity of

the logistic models, unlike the other cases.
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From Table 2.2 it can be seen that the growth rates and the sigmoid midpoints

have quite similar values, especially the values of Treatments B and C. The

situation is different for Treatment E, where kl and t0 have lower and higher

values, respectively, compared to the other experiments. This suggests that for

plants with large burial depth, the availability of resources expended on stem

production is higher than those for shallow burial depths.

Table 2.2: Values assigned to logistic curve parameters, kl and t0, for different values

of exposed length, he, and different water table regime and treatments.

treatment he [cm] water level regime kl t0 [days]

A

5
low 0.37 14

high 0.35 12

3
low 0.35 15

high 0.35 15

B

5
low 0.23 14

high 0.24 14

3
low 0.25 13

high 0.25 16

C
5 low 0.24 16

10 high 0.24 16

D
5 low 0.20 16

5 high 0.20 16

E
5 low 0.13 23

5 high 0.13 27
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Figure 2.11: Trends in total average stem length, L̄s, for low and high water regimes

and for cuttings grown in: a) Treatment A, with zc = 3 cm; b) Treatment B, with zc =

3 cm; c) Treatment A, with zc = 5 cm; d) Treatment B, with zc = 5 cm; e) Treatment

C, with zc = 10 and 5 cm; f) Treatment D, with zc = 5 cm; and g) Treatment E, with

zc = 5 cm.

2.5 Model-based predictions of vertical root pro-

file

The experimental results presented in the previous section are now compared

against theoretical results obtained using the model of Tron et al. (2014). This

model is a simple, elegant model that enables predicting, in an analytical manner,

the root distribution of phreatophytic vegetation.

The model assumes that roots potentially grow within the zone h2, which is

the maximum distance between the soil surface and the water table depth zw

(Figure 2.12), below which root growth is hindered by anoxic conditions. Root

growth is particularly favoured in the so-called ‘optimal root-growth zone’, Lg,

whose water availability is ensured through capillary rise.
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This zone, whose thickness is controlled by D10 and D90 of the sediment, is

located a distance (h2 − h1) above the water table (see Figure 2.12). The zone

Lg, fluctuates according to stochastic oscillation of the groundwater dynamics

(Figure 2.12) described as a Compound Poisson Process (Figure 2.13a). Hence,

Tron et al. (2014) assumed that the water table moves almost synchronously

with the river water stage.

z 

h1 

Water table 

h2 

Soil surface 
0 

Lg 

Figure 2.12: Sketch depicting synchronous fluctuations in groundwater level and the

Lg zone. Oscillations are indicated by dashed lines: rising in green, lowering in orange.

The Compound Poisson Process (CPP) is a powerful concept that is widely used

to represent stochastic systems. CPP is characterized by a sequence of randomly

distributed instantaneous jumps and deterministic decays. In the literature,

CPP has been used to describe soil moisture dynamics (Rodriguez-Iturbe et al.,

1999), snowfall processes (Perona et al., 2007), flood events induced by heavy

rainfalls (Todorovic, 1978), and ecomorphodynamics processes (Bertagni et al.,

2018; Calvani et al., 2019b). In the present application, the stochastic dynamics

of the water table level, zw, may be expressed:

dzw
dt

= ηl(h2 − zw)− ζ (2.2)

where ηl is the rate of exponential decay in water level signal (Ridolfi et al.,
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2011) and ζ is white shot noise. From equation 2.2 it is possible to derive

analytically the steady-state probability density function of the water table level

(Figure 2.13b) as:

p(zw) =
γ−βll

Γ [βl]
e
zw−h2
γl (h2 − zw)βl−1 (2.3)

where Γ[·] is the Gamma function (Abramowitz and Stegun, 1948), γl the mean

depth of pulses in water level, and βl is the ratio between the mean rate of the

pulses, λl, and ηl.

A more detailed explanation of the Compound Poisson Process and the

mathematical derivation of equation 2.3 are available in Appendix A.

Figure 2.13: Stochastic dynamics of groundwater level: a) simulated Compound

Poisson Process for water table level, zw; and b) probability density function of water

table level, p(zw).

Dynamic behaviour of root growth and decay in Lg is modelled using di-

chotomous noise (Ridolfi et al., 2011), as this type of noise is commonly used

to describe the dynamics of systems that randomly switch between two states

(e.g. root growth and decay). The equation representing root dynamics is (for

analytical derivation, refer to Tron et al., 2014):

r(z) =
2θ(z)k(z)

θ(z) + θ(z)k(z) + 1− k(z)
, (2.4)

where θ(z) is the ratio between root growth rate and decay rate, and accounts

for root growth being easier over the cutting length and more difficult below it.
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θ(z) is assumed to vary linearly from 1 at the soil surface to 0 at the maximum

root depth. The function k(z) expresses the probability that a generic depth, z,

is located in the optimal root-growth zone. Hence, when a depth z is located in

Lg, root development is enhanced; if z located outside Lg, the roots tend to die

of dryness or anoxia. It is assumed that k(z) may be expressed in the following

piecewise equation:

k(z) =



[
Γ
(
βl,

h1−z−L
γl

)
− Γ

(
βl,

h1−z
γl

)]
· Γ(βl)

−1 −∞ < z < h1 − Lg

1− Γ
(
βl,

h1−z
γl

)
· Γ(βl)

−1 h1 − Lg < z < h1

(2.5)

Equation 2.4 was implemented for each scenario analysed in Section 2.3.

However, it was found that the analytical expression in equation 2.4 was hardly

ever representative of the empirical root distribution observed in the experiments

for most of the treatments. The two main reasons for this are discussed below.

The model does not provide for the probability of occurrence of root biomass

below the water table. Hence, the experiments could not reproduce the root

profiles developed under high water table regimes; this was because the model

predicted that the concentration of the whole root biomass occurred in the zone

between the soil surface and the water table level. Furthermore, unsteadiness

of the water level regimes used in most of the experiments did not comply

well with the model assumptions. The biomass distribution was only properly

approximated for the samples grown under Treatments A and E (Figure 2.14).

Although, unlike Treatment E, the low water level regime in A was not steady,

the constant depth and frequency of water decline of Treatment A made it

possible to obtain representative values for γl and λl (Figure 2.14b). Therefore,

unsteady water regimes, in some cases, could be approximated by equivalent

steady ones by computing temporally-weighted averages for the jumping rate

and mean pulse intensities. From Figure 2.14a, it may be discerned that the
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root distribution of Treatment E is satisfactorily estimated down to the 8th class,

within the unsaturated zone above the water table. The model cannot capture

the root biomass in the last two depth classes. This means that, from a stochastic

point of view, the probability of biomass occurring in the saturated condition is

in fact zero.

Figure 2.14: Normalized measured (blue dots) and modelled (red lines) root profiles

for the low water regime of a) Treatment E and b) Treatment A with zc=10 cm.

Hence, the model assumptions make it rather difficult for the model of Tron

et al. (2014) to simulate reliably experiments that are limited to high water table

scenarios, and to reproduce water level regimes that cannot be modelled by a

CPP. The results presented in this section explore scenarios and conditions that

have not been tested before by the model of Tron et al., 2014.

The present parameter study helps shed light on the predictive power of the

model as well as on its limitations when applied to circumstances where the

model assumptions are violated.

Another important consideration concerns the growth stage of the vegetation.
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It is not certain that the model of Tron et al. (2014) can provide reliable results

when applied to vegetation that is still in the early stages of growth. So far,

the model has been applied solely to mature plants. For example, sample tests

of vegetation along the Rhone river (see Tron et al., 2015) have presented root

depths varying between 60 cm to 200 cm. Similar root depths have also been

found among plants tested from the Isère and Noce rivers by Serlet (2018). If

the willow cuttings had been grown for a longer period, the development of the

roots would have been hindered by the lack of space, and the plants would have

possibly died for soil anoxia. Hence, in order to apply the model of Tron et al.

(2014) to small-scale experiments, it is necessary to set appropriate conditions

with respect to the water regime.

2.6 Pullout tests

The values of the burial depths and the different water table regimes set at

the start of the experiments appear to indicate that Treatments A and E are

the most relevant for studying uprooting resistance. The values of zc are very

different in the two treatments, as well as the low water table control operations.

Hence, the aim of the pullout experiments considered in this thesis is to give

insight into the impact that burial depth, root biomass distribution, and soil

moisture content have on uprooting resistance.

With this in mind, samples from Treatment A were tested under the low and

high water level conditions set during the last day of the experiment: 5.5 and

22 cm respectively (see Figure 2.3a). In Treatment E, the samples were further

tested under saturated conditions. Consequently, just before running a pullout

test, the water level was raised to the soil surface elevation regardless of the

water regime used during the growth of the cuttings.
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2.6.1 Force-displacement curves

The force-displacement curves represented in Figures 2.16 and 2.17 show the

variation in pullout force with vertical displacement of the plants. The labels

used in Figures 2.16 and 2.17 indicate the moisture condition of the soil during

the pullout tests as follows: low stands for low water level and high stands for

the high water level, encountered at the last day of the experiments, whereas

lowsat and highsat are their saturated counterparts.

Generally, in the force-displacement curves, three main phases in the process

can be identified (Figure 2.15) in accordance with previous findings by other

authors (Edmaier et al., 2011; Ennos, 1989). The first phase is the non-linear

elastic phase, during which the force increases non-linearly with elastic recovery.

This phase coincides with root stretching, when part of the friction between roots

and soil is activated (Schwarz et al., 2010a). The second phase, in which all

roots are activated, presents linear elastic behaviour until maximum uprooting

resistance, Fp, is achieved, corresponding to the highest value of tensile force

that the root system can withstand. The third phase is the descending process,

where the force decline occurs as a sequence of drops and partial elastic recoveries

until uprooting is entirely achieved. Such fluctuations may be explained by a

mechanism of progressive load and energy redistribution among roots, which will

be thoroughly analysed for the experiments shown in Chapter 4.
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Figure 2.15: Illustration of the different phases of a generic force-displacement curve.

Figure 2.16: Force-displacement curves for samples from Treatment E in: a) low

water level regime; b) high water level regime; c) saturated soil for low water level

regime; and d) saturated soil for high water level regime.
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Figure 2.17: Force-displacement curves for samples from Treatment A in: a) low

water level regime; and b) high water level regime.

2.6.2 Maximum uprooting force

Figures 2.18 and 2.19 illustrate how Fp varies for the different scenarios considered

in each treatment. Figures 2.18a and 2.19a present the mean uprooting force, F̄p,

obtained for Treatments E and A. Table 2.3 lists values of the mean and standard

deviation of the uprooting force. Notably, the mean uprooting force recorded

for cuttings grown under Treatment E are more than 10 times larger than for

Treatment A. At first glance, it is apparent that burial depth, growth period,

and soil moisture content have a considerable impact on uprooting resistance.

Figure 2.18a is of particular interest because it delivers substantial information

on the impacts of biomass distribution and soil moisture conditions on root

resistance. The uprooting resistance developed by plants grown in the low water

level regime is higher than that in the high water level scenario, independent of

soil saturation level and total root biomass. This implies that the root biomass

distribution has a major impact on the development of the mechanical anchoring

of the plant. Hence, deep roots (representative of hydrotropic conditions) provide

greater resistance than shallow roots.

This finding compares well with observations from the field experiments

by Pasquale (2012), who found that cuttings with deep root biomass were
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less affected by flow removal than shallow root counterparts under the same

hydrological conditions.

Different behaviour can be seen in Figure 2.19a. In this case (see Figure 2.6),

the distribution of below-ground biomass is not statistically different between

low and high water level regimes, and so the soil moisture content is the only

variable that can explain the difference in the values of F̄p.

Figures 2.18b and 2.19b, present Fp versus total root surface area, Ar, based

on measurements for each sample uprooted. The number of the samples uprooted

for Treatment A (Figure 2.19b) are sufficient to establish representative fitting

laws. The angular coefficients of the linear regression equations, which are 0.27

for low and 0.14 for high, prove once again that less force is needed to uproot

plants in soil with higher moisture content, for the same overall values of root

biomass. In Figure 2.18b, similar values of root biomass correspond to different

values of pullout forces. Unfortunately, given the small number of samples, it

was not possible to suggest a sensible fitting law.

The foregoing demonstrates that moist soil reduces root resistance, in ac-

cordance with similar findings by other authors (Edmaier et al., 2011; Schwarz

et al., 2011). An explanation of this phenomenon is provided by Wood (1990)

who argues that undrained stress in saturated soil increases pore-water pressure,

causing the frictional strength of the soil to reduce. In turn, this mechanism may

enhance the sliding of roots among the sediment particles.

Table 2.3: Mean and standard deviation of pullout force under Treatments A and E

for different soil saturation conditions.

Treatment E Treatment A

Scenarios low high lowsat highsat low high

F̄p [N] 50.58 38.16 46.07 31.54 4.53 1.98

σF [N] 5.85 3.72 3.24 1.68 1.53 0.74
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Figure 2.18: Statistics of uprooting force in Treatment E: a) bar chart showing

mean uprooting force F̄p and the respective standard deviation for different saturation

conditions; and b) scatter plot of maximum pullout force against total surface area of

roots.

Figure 2.19: Statistics of uprooting force in Treatment A: a) bar chart showing

mean uprooting force F̄p and the respective standard deviation for different saturation

conditions; and b) linkage between maximum pullout force and total surface area of

roots. The goodness of fit, R2, is equal to 0.9 for both low and high.

2.6.3 Roots contribution

The experiments also provided an opportunity to quantify the amount of resis-

tance provided by the root system only. Pulling out a cutting deprived of its

roots made it possible to evaluate how the force responds to the sole constraint

of the plant’s trunk. These tests were carried out only for long cuttings because

their length should have ensured greater measurement accuracy.
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The bar chart in Figure 2.20a exhibits a similar trend to its counterpart

in Figure 2.18a. The force reaches a peak value at low water level conditions

and decreases progressively with soil moisture content. However, despite the

similarity in trends, the magnitude of F̄p is lower in the absence of roots. The

roots contribution leads to an increase of 46% and 81% in resistance force for

cases with low and high water tables, respectively. Moreover, the saturated soil

benefitted even more from the presence of the roots, with the resistance force

increasing by 170% and 85% in the lowsat and highsat cases.

It is also interesting to compare the force-displacement curves obtained with

and without roots. To achieve this, the trends in mean pullout force with mean

displacement were determined for equal saturation conditions, and for samples

with and without roots. From Figure 2.20b,c,d it seems that, for cuttings with

roots, the rate of initial increase in resistance force is higher. This may be a

consequence of the fact that, during the pulling process, the roots are the first

component of the plant to come under tension, hence inducing a rapid increase in

resistance force in the initial phase of the test. Another interesting dissimilarity

can be discerned in the descending phase of the curve. For cuttings with roots,

the final uprooting phase exhibits itself as sudden force drops, associated with

the progressive release of roots from the soil (Bailey et al., 2002; Mickovski et al.,

2007). For the case without roots present, the descending phase is rather smooth

and the force decrease occurs gradually. This is to be expected, given that the

contact surface between sand and cuttings decreases linearly with displacement,

as does the resisting force (assuming that, at this scale, the normal stress is

constant). Conversely, the descending phase for the curves obtained for samples

with roots occurs rather rapidly through force drops of higher magnitude. Such

discrepancy in the uprooting curve highlights the role of roots in providing

additional resistance to the soil.
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Figure 2.20: Statistical outputs from plant pullout tests with and without roots

present: a) bar chart showing mean and standard deviation of resistance force of

samples without roots; b) mean force-displacement curves for the low water regime,

with and without roots present; c) mean force-displacement curves for high water regime,

with and without roots present; and d) mean force-displacement curves obtained in soil

saturated conditions, with and without roots present.

2.7 Recommendations

This study has revealed that pull out experiments are useful for assessing: the

ability of plants to reinforce and provide stability to soil; and control measures for

the distribution and survival of plants in an active floodplain. Furthermore, the

results demonstrated the importance of water and oxygen availability as factors

influencing root biomass configuration and soil moisture level content that in

turn impact on plant uprooting resistance. The results obtained from Treatment

E offer a useful starting point from which to design further tests at larger scale

or in situ to examine the uprooting efficiency of cuttings when subjected to

more variable environmental conditions. The experimental data acquired for
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Salix fragilis confirm that this species has good qualities for implementation

in river restoration schemes that involve plant species reintroduction and bio-

engineering stabilization techniques. Salix fragilis was found to have a fast growth

rate (even without nutrient supply and in limited space), and exhibited good

strength performance and anchorage ability. This makes Salix fragilis particularly

applicable to soil where the moisture layer is sufficiently deep to promote high

concentration of root biomass at depth.

The above findings are likely to be beneficial to river management institutions

and organizations involved in planning programmes for species reintroduction

and recovery in order to mitigate against river degradation while enhancing flood

protection. These encouraging results have revealed that willow cuttings could act

as a potential prototype for plant uprooting by flow in an open channel (as initial

aim of this thesis). However, due to the laboratory constraints, this hypothesis

could not be fully validated. Therefore, it is hoped that these preliminary findings

will stimulate further research in this direction.
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Chapter 3

A model for the critical rooting

length
The material presented in this Chapter appears in:

Bau’, V., Zen, S., Calvani, G., and Perona, P., Extracting the critical rooting

length in plant uprooting by flow from pullout experiments, Water Resources

Research, 55(12): 10424-10442. https://doi.org/10.1029/2019WR025074.1

3.1 Plant uprooting by flow

The previous Chapter identified that the occurrence of riparian vegetation plays

a key role on the ecomorphodynamics of riverbanks and bedforms. However,

the establishment and encroachment of vegetation are often threatened by flood

events that can lead to plant uprooting and mortality.

Flow-induced uprooting of plants is a complex mechanism that results from

interactions between river processes and the bio-mechanical properties of vegeta-

tion (Edmaier et al., 2011). The combination of drag forces and bed scouring

can expose the root system of a plant and reduce its anchorage resistance until it

dislodges. Plant removal triggers processes of habitat desegregation and biodiver-

sity loss (Lake et al., 2007; Palmer et al., 2014) and generates negative feedback
1The paper was written in collaboration with the three co-authors, whose contributions are

highly appreciated. As the leading author, I was involved in all aspects of the work.
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affecting the morphological evolution of riverbed and riverbanks (Bertoldi et al.,

2014; Gurnell, 2014). Thus, flow-induced plant uprooting can negatively affect

river ecology and morphodynamics. In the light of this, accurate prediction of

vegetation removal and mortality has become an objective of many pioneering

investigations in river management and restoration. Meanwhile, there are difficult

modelling challenges to be faced, especially with regard to complexity of the

root system and the stochastic nature of river hydrology and erosion processes

(Calvani et al., 2019a; Perona and Crouzy, 2018; Perona et al., 2012a).

In the past decade, many studies have focused on the effect of the above-

ground biomass on water dynamics, without yet exploring the below-ground

biomass (which provides the stability to the plant). Therefore, studies of the

mechanical properties of riparian plant species are of fundamental importance.

In particular, static pullout experiments have proved invaluable in assessing

the resistance exerted by plant roots. Several investigations have revealed that

root-anchoring resistance correlates closely to the plant rooting length (Bailey

et al., 2002; Ennos, 1989; Karrenberg et al., 2003).

The rooting length is a useful parameter for representing the anchoring

resistance of plants to uprooting (Edmaier et al., 2011; Edmaier et al., 2015;

Perona et al., 2012a) for two main reasons. First, the rooting length is relatively

easy to quantify. Second, the rooting length concept enables derivation of the

so-called critical rooting length (Edmaier et al., 2015; Perona et al., 2012b)

defined as the rooting length of a plant when uprooted. In other words, a

plant is uprooted at the instant the rooting length becomes critical, and the

plant has insufficient resistance to counter the destabilizing forces that act on

the above-ground biomass of the plant and its exposed roots. In principle, the

critical rooting length can be readily derived by subtracting the vertical length

contribution of local erosion processes from the rooting length that the plant

had in undisturbed conditions.
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Laboratory and field experiments have demonstrated that the critical rooting

length directly controls plant uprooting by flow (Calvani et al., 2019a; Edmaier

et al., 2015). Thus, the critical rooting length is an important indicator by

which to assess the percentage of biomass uprooted by a flood (Perona and

Crouzy, 2018). However, challenges related to the spatial scale of erosion and

sedimentation processes and the recovery of plants after a flood make it difficult

to monitor the response of vegetation to flood disturbance and quantify the

critical rooting length.

This Chapter presents a free-body model that enables assessment of the critical

rooting length for variable erosion conditions, plant species, and hydrology. In

the model, actions that contribute to plant uprooting by flow (hydrodynamic

forces) are taken directly into account to balance the anchoring resistance of

the root system (from pullout experiments) through consideration of the overall

balance of forces. The model is then validated using three different data sets.

Finally, the approach proposed by Perona and Crouzy (2018) is used to compute

the probability density function of the time to uprooting for the same data sets.

3.2 Model description

The model presented herein is used to reproduce the Type II uprooting mechanism

(Edmaier et al., 2011) for flexible plants, and involves assessing the equilibrium

of forces between root resistance and drag exerted by the water flow.

Figure 3.1 provides an overview of the different forces acting on the canopy.

At initial time, T0, when bed erosion has not yet occurred (Figure 3.1a), the

forces acting on a submerged plant are simply the net buoyancy force Fn and

the normal drag force Fd,n. For plants with low flexural rigidity (Calvani et al.,

2019a; Nepf, 2012; Yagci et al., 2010), the drag force progressively bends the

portion of the plant above the ground until it is parallel to the channel bed
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(Figure 3.1b). At incipient uprooting, all the forces have to balance the resistance

exerted by plant roots, such that:

Fn + Fd,n + Fd,t = R. (3.1)

where Fd,t is the friction action, and R represents the resistance exerted by the

root system. Plant flexibility enables the physical configuration in Figure 3.1b

to be interpreted as a pulley mechanism (Figure 3.1c) (Calvani et al., 2019b).

Therefore the vector sum of the destabilizing forces Fn, Fd,n, Fd,t is transmitted

to the root system and its mechanical resistance R, regardless of the direction of

the resultant force acting on the plant.

However, root anchoring is particularly complex to obtain from first principles,

given the unknown architecture of the soil-root system. To overcome this problem

and quantify the root length resisting the destabilizing forces, it is convenient

to recall empirical correlation laws that link resistance force R to total rooting

length Lr. In pullout experiments, R is generically expressed as follows:

R = R(Lr). (3.2)

As a result, the vertical pullout force Fp balancing the root resistance at

incipient uprooting is directly related to the total rooting length Lr,

Fp = Φ(Lr), (3.3)

where Φ is an empirical fitting relationship extracted from experimental data.

Given that the main rooting length, L0, plays a dominant role in the uprooting

process (Edmaier et al., 2014), it is reasonable to approximate Lr by L0, and

equation (3.3) becomes a function of L0 only:

Fp(Lr) ≈ Fp(L0). (3.4)

The total resistance exerted by a plant at incipient uprooting, R, can be

compared to the force Fp that instantly pulls out a plant with an equal rooting
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length in static conditions. Under this assumption, the force balance expressed

by equation (3.1) reads:

Fn + Fd,n + Fd,t = Fp =⇒ Fp = R. (3.5)

Hence, for a Type II uprooting mechanism, it may be assumed that the critical

rooting length coincides with the main rooting length measured in static pullout

experiments (Figure 3.1d). Thus, the critical rooting length, Lc, can be assessed

as:

Lc ≈ Φ−1(Fp = R) (3.6)

where Φ−1 is the inverse function mapping Fp into Lc.

For the equivalence (3.5) to be valid, the plant species, grain size distribution,

and soil saturated conditions are required to be the same for both scenarios of

Figures 3.1b and 3.1d.

Figure 3.1: Outline of the free-body model. a) Forces acting on an upright seedling

at an initial time t = T0, without bed erosion; b) Forces acting on a bent seedling

at the uprooting time T ; c) Pulley mechanism for flexible plants, where the resultant

destabilizing force Fp is balanced by the resisting force R; d) Schematic setup of vertical

pullout experiments. The residual resistance exerted by Lc at incipient uprooting

coincides with that exerted by L0 in static uprooting conditions.
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The moduli of the vectors in equation (3.5) are expressed in equations (3.7),

(3.8), and (3.9). The modulus of Fd,n is:

Fd,n =
1

2
CDρwu

2An. (3.7)

where An is projected area of vegetation canopy in the flow direction, u the

velocity impacting the vegetation element, CD the drag coefficient, and ρw the

water density. Similarly, the modulus of the tangential drag force Fd,t depends

on the surface area of the plant biomass exposed to the flow, At, and the friction

coefficient Cf :

Fd,t =
1

2
Cfρwu

2At. (3.8)

The modulus of the buoyancy force, Fd,n, depends on the density of the whole

plant and on its volume:

Fn = g(ρw − ρr)Vr + g(ρw − ρs)Vs + g(ρw − ρf )Vf (3.9)

where Vr, Vs, and Vf are roots, stem and foliage volumes; g is the gravitational

acceleration; ρr, ρs, and ρf are roots, stem and foliage densities. In equations

(3.7) and (3.8), u can be approximated by the value of the cross-section mean

flow velocity or the local flow speed as obtained from numerical simulations for

more complex geometries.

The flow resistance of vegetation is influenced by the type, density, shape

and flexibility of the plant, the Reynolds number, and the flow depth. The

drag coefficient Cd is an empirical parameter that is approximated herein by

Schlichting’s formula (1962):

CD =


(103/ReD)

0.25
ReD ≤ 103

min

[
0.976 +

(
10−3ReD−2

20.5

)2

, 1.15

]
103 < ReD < 4 · 104

(3.10)
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where ReD is the obstacle Reynolds number calculated using the diameter of the

root, which is approximated to a cylinder.

Given the foregoing expressions for the force vector moduli, the balancing

equation (3.5) becomes:

Fp(Lc) =
1

2
CDρ

∗u2An +
1

2
Cfρ

∗u2At + g(ρw − ρr)Vr

+g(ρw − ρp)Vp + g(ρw − ρf )Vf
(3.11)

As the water and sediment mixture passing the plant has a density higher than

that of pure water, ρw has been replaced with a modified density term ρ∗, which

reads:

ρ∗ = ρg

(
Vg

Vg + Vw

)
+ ρw

(
Vw

Vg + Vw

)
, (3.12)

where ρg and Vg are the density and volume of the sediment being moved.

To complete the problem formulation and obtain a relationship for the critical

rooting length, the exposed rooting length, Le, is expressed as the following

difference between the main rooting length, L0, and the critical value, Lc,

Le = L0 − Lc. (3.13)

An from equation 3.7 can be approximated as the sum of the projected area of

the roots, AR, and of the stem, Ap, in the flow direction:

An = AR + Ap, (3.14)

where both AR and Ap are approximated to the area of a circle.

At from equation 3.8 can be decomposed as follows:

At = As + Af + πnrdrLe, (3.15)

where As is the surface area of the stem and Af is the surface area of the

foliage. The third term is the surface area of the exposed root, whose shape is

approximated by a cylinder and nr is the number of roots exposed to flow (each

of diameter dr).
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Expressing the third addend on the right-hand side of equation 3.11 as a

function of Le: g(ρw − ρr)πnrLe d
2
r

4
leads to an explicit version of equation (3.11)

as follows:

Fp(Lc) =
1

2
CDρ

∗u2An +
1

2
Cfρ

∗u2(As + Af ) +
1

2
Cfρ

∗u2πnrdr(L0 − Lc)

+g(ρw − ρr)πnr
d2
r

4
(L0 − Lc) + g(ρw − ρp)Vp + g(ρw − ρf )Vf .

(3.16)

Equation (3.16) allows Lc to be estimated once a relationship has been established

for the static uprooting force, Fp. Note that equation (3.16) is implicit in Lc

and so would normally require an iterative numerical solution. However, for

the particular case when the static uprooting force has linear form (i.e., when

Fp = kLc), equation (3.16) has the following relatively simple explicit solution:

Lc =
1
2
ρ∗u2 [CDAn + Cf (As + Af + πnrdrL0)]

k + (πnrdr)
[

1
2
Cfρ∗u2 + g dr

4
(ρw − ρr)

]
+
g
[
(ρw − ρr)πnrL0

d2r
4

+ (ρw − ρs)Vs + (ρw − ρf )Vf
]

k + (πnrdr)
[

1
2
Cfρ∗u2 + g dr

4
(ρw − ρr)

] (3.17)

3.3 Model validation

The proposed model was validated using three different data sets available in

literature. The first two data sets are taken from Edmaier et al. (2015) and

Calvani et al. (2019a), whose aim was to use flume experiments to investigate the

dynamics of plant uprooting by flowing water. The third data set, from Bywater-

Reyes et al. (2015), refers to results obtained from plant pullout experiments in

the field.
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3.3.1 Data sets from laboratory experiments

The experiments carried out by Edmaier et al. (2015) and Calvani et al. (2019a)

involved similar laboratory set-ups: both experiments were undertaken in a

channel with erodible bed and living plants. The plants were cultivated outside

the flume in plastic boxes with lateral removable walls. Consequently, after

the seedlings had grown for a prescribed time, the boxes were inserted at set

locations in the flume and the lateral walls of the boxes removed. Each plant was

positioned a certain distance from its neighbors to avoid root-root interactions

which could alter the root properties (e.g., root length density, radial spread,

and root distribution over density (Smit et al., 2013)). Moreover, during the

experiments, a movable downstream wall was lowered at a constant rate, η̇,

(equal to the erosion rate of the channel bed) to obtain quasi-parallel bed erosion.

The experimental tests utilised living seedlings of Avena sativa, chosen for their

simple root structure and small stem size (Figure 3.2a). This type of vegetation

differs from the one used in the previous Chapter (Salix cuttings). Avena sativa

plants germinate from seeds and their size and fast germination rates promote

their use in flume erosion experiments. Furthermore, given the sediment size

used in Edmaier et al. (2015) and Calvani et al. (2019a), the scouring induced by

Avena sativa is minimal, thus allowing to achieve a condition of quasi-parallel

bed erosion. The scale of the experiments allowed records to be taken of the

elapse time at which each plant was uprooted, the erosion depth, the amount

of root exposed to the flow, and hence the computed critical rooting length.

Table 3.1 provides further details of the experimental conditions (e.g., number of

samples tested, plant spatial arrangements) and the parameters pertaining to

Edmaier et al.’s and Calvani et al.’s data sets.

The simple architecture of Avena sativa (Figure 3.2a) enabled straightfor-

ward estimation of the geometrical parameters required by the free-body model
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of equation (3.16). The plant was decomposed into simple geometric shapes

(Figure 3.2b) so that the volume of the seed, grass, and roots and the projected

and surface area of the plant could be easily estimated. Given that the stage of

growth of the samples did not appear to exert influence on the size of the roots

and the seed, the widths of the roots and the seeds were set to constant values.

Roots were approximated by cylinders, each of diameter, dr, equal to 0.6 mm.

The shape of the leaves was assumed to be conical; this is reasonable because,

when Avena sativa plants are exposed to high flow velocities, their leaves roll-up

and reconfigured themselves into cones (Järvelä, 2002).

The value of Cd was computed by using the piecewise formula (equation

(3.10)) and gives an average value of 1.05 and 1.15 for Edmaier et al.’s data set

and Calvani et al.’s data set, respectively. Cf was assigned two different values:

0.6 for leafless seedlings and 1 for seedlings with leaf. Both values were calibrated

for one of the four settings considered by Edmaier et al. (η̇=0.0431 m/s), and

then validated for Edmaier et al.’s remaining cases and the data set of Calvani

et al. (2019a). The order of magnitude of the resulting projected area of the

plant in the flow direction is 10−5 m2, whereas that of the surface area of the

plant exposed to flow is 10−4 m2.

Such high values of the friction coefficient may be misleading if compared to

the values that are normally associated to the classic formula of Darcy-Weisbach.

However, when it comes to vegetated channels and complex plant morphologies,

the capability of such approach to provide a valid estimation of Cf has been

object of criticism (Rubol et al., 2018). The vortical structures around the canopy

generates non-linear dynamics, such as a flapping movement of the plant, which

increases vegetation drag and friction forces (Pu et al., 2019). The latter are

particularly pronounced when considering the reconfiguration of the plant in the

streamline direction. As a result, Darcy-Weisbach approach has been recently

abandoned when dealing with channels covered by large roughness elements (see
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Wang et al., 2019b). The estimation of the Cf is further complicated for the

presence of leaves. The leaves are, in fact, found to contribute between 74% and

98% of the total drag (Västilä et al., 2013). Experimentally attained values of the

friction coefficients found by Järvelä (2002) show that Cf may reach values that

are three to seven times higher than the leafless samples. Analytical expressions

of Cf are now available, but their formulations have been approached in different

ways (Järvelä, 2002; Pu et al., 2019; Wang et al., 2019b). Still, the magnitudes

obtained for Cf all range from 0 to 7.

The approach flow velocity, u, was calculated using a normal flow approxima-

tion using the Manning formula. As mutual interactions among distinct samples

were neglected in both data sets, equation (3.11) could be applied independently

for every single sample tested.

Figure 3.2: Avena sativa seedling and its modelled sketch. a) Morphology of a

common Avena sativa seedling 4 days after seeding; b) The sketch of Avena sativa

seedling and the different simple geometrical shapes used to approximate its morphology.
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Table 3.1: Summary table listing the experimental conditions and the parameters

available for each data set used to validate the free-body model.

(Edmaier et al., 2015) (Calvani et al., 2019a)

plant species Avena sativa Avena sativa

plan growth conditions laboratory laboratory

cultivation time/plant age 48-110 hr 96-144 hr

type of sediment quartz sand graded quartz sand

D50 [mm] 1.35 0.57

soil moisture saturated saturated

type of uprooting by flow by flow

uprooting location artificial flume artificial flume

number of samples 277 seedlings 87 seedlings

temperature/climate 22.5-26◦C 18-21◦C

plant spatial arrangement 2 rows of 4 plants 1 or 3 rows of 6 plants

parameters available

L0, Le, Lc

T

4 different Q

4 different η̇

static uprooting law

L0, Le, Lc

T

4 different Q

unique η̇

-

Now that the left-hand side of equation 3.1 has been expressed, it is necessary

to define the pullout relationship Fp(Lc) for both data sets. Static pullout data

for Avena sativa are available from both Edmaier et al. (2012) and Edmaier

et al. (2014), for different grain size distribution and soil saturation conditions.

A suitable law for the first data set was suggested by Edmaier et al. (2014), who

conducted several pullout tests under the same water content and granulometry

conditions as used in the flume experiments (Edmaier et al., 2015). The law is
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expressed as follows:

Fp = a1Lc (3.18)

with a1=2.1 [N/m2] and a goodness of fit, R2, equal to 0.40.

However, another law had to be used for the second data set, given the

different size distribution of the sand used by Calvani et al. (2019a). In this

circumstance, an extrapolation of the law proposed by Edmaier et al. (2012)

should be fairly representative of the sediment size considered by Calvani et al.

(2019a). In this case, the fitting relation is a second degree polynomial equation,

which reads as:

Fp = a2L
2
c + b2Lc (3.19)

where a2=88.4 [N/m2], b2=0.65 [N/m], and R2=0.84.

Expressing Fp by equations (3.18) and (3.19), enables equation (3.16) to be

solved explicitly.

3.3.2 Modelled critical rooting length

Edmaier et al.’s data set

Theoretical model values for the critical rooting length were obtained by imple-

menting equation (3.16) for every sample collected during the laboratory tests.

Figure 3.3 compares measured (filled circles) and modelled (empty circles) values

of critical rooting length as functions of main rooting length for each flow setting.

It is evident that the model properly represents the physical link between Lc

and L0 observed at the laboratory scale. Moreover, the Pearson correlation

coefficients are higher for the modelled data (r2=0.99) than the measured data

(r2=0.68, 0.77, 0.87, 0.89). This is due to the simplified description of leaf size

used within the model. In fact, the model partially ignores the biological het-

erogeneity of the plants by assigning an equal value of leaf length to all samples

presenting the same rooting length. The reason for this is that the leaves had not
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been measured, and so estimation of their length had to rely on the correlation

between the below- and above-ground biomass found in Edmaier (2014). This

simplification caused a noticeable overlap of modelled critical rooting length

values for samples with the same L0 value. These observations highlight the

intrinsic deterministic nature of the model, which leads Lc to be linked to L0.

Figure 3.4 illustrates the correlation between modelled and experimental Lc for

all Lc values regardless of flow setting. The high value of the Pearson coefficient

(r2=0.81) suggests that the free-body model provides a good approximation to

the experimental data.
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Figure 3.3: Critical rooting length Lc plotted against main rooting length L0 for the

four flow settings considered by Edmaier et al. (2015): a) Q=1.60 l/s and η̇=0.0431

mm/s; b) Q=1.81 l/s and η̇=0.058 mm/s; c) Q=1.94 l/s and η̇=0.076 mm/s; and

d) Q=2.15 l/s and η̇=0.1 mm/s. Model results (empty circles); measurements (filled

circles).
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Figure 3.4: Regression plot between modelled and measured critical rooting lengths

Lc of samples of Avena sativa seedlings tested by Edmaier et al. (2015) for all four

investigated flow settings.

Calvani et al.’s data set

Before solving equation (3.16), the data set of Calvani et al. (2019a) was subjected

to an outlier elimination procedure. The data set presented some abnormal

observations that may have originated from root-root interactions, which are

not accounted for in the present model. The method used to detect outliers

did not considerably constrain the data set, and involved assigning a threshold

value to the data, such that the data considered lay within ±1.5σL where σL is

the standard deviation obtained at the flow setting that exhibited highest data

variability (η̇=0.058 mm/s, Figure 3.3b). In particular, σL was computed for

Lc values corresponding to a range of L0 values varying between 20 and 25 mm.

Hence, any data with values of Lc that fell outside of the confidence interval

±1.5σL were discarded. A revised plot of Figure 3.3 is then realized for the

data set in the absence of outliers (Figure 3.5a). From Figure 3.5 it can be seen
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that the experimental data without outliers exhibit weaker correlation (r2=0.42)

between the main rooting length and its critical value compared to Edmaier et

al.’s data set. The lower values may be explained by the poor correlation between

the above- and below-ground biomass that occurs for plants at a relatively

advanced stage of growth (Pasquale et al., 2014). In fact, the plants tested in the

experimental runs by Calvani et al. (2019a) have rooting lengths that are twice

as long as those tested by Edmaier et al. (2015). Nevertheless, the regression line

for the critical rooting length extracted from laboratory measurements almost

completely overlaps that obtained using the model (Figure 3.5a). This suggests

that the model can preserve the inter-dependency between Lc and L0 observed

in the experimental data. The weak correlation (r2 = 0.47) between modelled

and experimental Lc in Figure 3.5b might be due to the inadequacy of the static

uprooting law given by equation 3.19. This law was derived for younger plants,

which were characterised by simpler root architecture, and in a soil whose grain

size was not exactly the same as that considered by Calvani et al. (2019a).
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Figure 3.5: Critical rooting length data: a) variation in modelled and Calvani et al.’s

experimental values of Lc with L0 (the flow settings are not distinguished as the η̇ is

constant for every discharge analyzed); and b) variation in modelled Lc with Calvani

et al.’s experimental Lc.
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3.3.3 Critical rooting length and specific stream power

Furthermore, it is interesting to see how the critical rooting length depends on

integral properties of the river channel rather than on its local flow component.

Figure 3.6 shows the variation in critical rooting length with the stream power

per unit width, w, for different values of the main rooting length. The stream

power per unit width is calculated as: w = γwQh
B

, where h stands for the hydraulic

head, γw is the water specific weight, and B is the width of the channel.

It can be observed that Lc increases with w. Also, Lc increases progressively

with L0 for equal w. The inset panel of Figure 3.6 displays experimental data

from Edmaier et al. (2015) and highlights how values of critical rooting length

are scattered around the relative average value for each flow setting. It should

be emphasised that the four curves do not have any physical meaning when

plotted beyond the points for which Lc=L0. Hence, the curves were truncated

at the point where the critical rooting length Lc is equal to average value of L0.

Figure 3.7 shows the dependence of Lc on w for different values of the friction

coefficient and for a fixed value of L0. With w held constant, an increase in

friction coefficient is associated with an increase in critical rooting length. This

suggests that plants with equal rooting lengths that are subjected to the same

water power are more easily uprooted when the friction coefficient is larger.

3.3.4 Data set from field experiments

The free-body model was also applied to a part of the data set reported by

Bywater-Reyes et al. (2015). In particular, the model was tested on the results

of pullout experiments carried out on the Populus species along the Bitterroot

River (Montana, USA). The Bitterroot River is an unregulated gravel-bed river

with a drainage area of 6500 km2 and an unregulated nivo-pluvial hydrological

regime.
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Figure 3.6: Variation in critical rooting length Lc with stream power per unit width

w for four different ranges of L0, when Fp = a1Lc. The inset panel also displays

experimental data from Edmaier et al. (2015).

Figure 3.7: Variation of critical rooting length Lc with the stream power per unit

width w for four different values of Cf , when Fp = a1Lc.
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The choice of this river was made for practical reasons: the high number of

pullout samples and the availability of sufficient streamflow hydrograph data

to provide an accurate estimate of average flow duration under movable bed

conditions. The samples used in the pull tests were randomly selected and the

tests carried out for four different excavated scour depths: 0.1, 0.2, 0.3, and

0.4 m. It was then possible to assess the influence of substrate scour on root

resistance, and the likelihood of plant uprooting.

Floods with a recurrence time of two and ten years, Q2 and Q10, were modelled

to determine whether the associated flow speeds would have been sufficient to

uproot the plants tested. In their work, Bywater-Reyes et al. (2015) did not

estimate the critical rooting length, but they directly linked the scour depth,

which coincides with Le, to the uprooting threshold (represented by the uprooting

velocity).

3.3.5 Modelled exposed rooting length

In the absence of values for the critical rooting length, it is necessary to estimate

Le. Combining equation 3.16 with equation 3.11, gives:

Le =
Fp − 1

2
Cdρwu

2An − 1
2
Cfρwu

2At
1
2
Cfρwu2πnrdr

(3.20)

Using Equation 3.20, it is possible to compare the experimental and analytical

values of Le. It should be recalled that Equation 3.20 was derived under the

reasonable assumption that buoyancy forces can be neglected, following Bywater-

Reyes et al. (2015) and Calvani et al. (2019a). To be able to calculate Le, it is

necessary to evaluate the equation parameters. In this case, the surface area of

the canopy subjected to drag forces, At, was difficult to estimate accurately, given

the complexity of the geometrical shape of the plants. Moreover, Bywater-Reyes

et al. (2015) only provided values for the whole frontal area of the plant, Afr.

Hence, with the intention to make use of the only available data, At was assumed,
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for simplicity, to correspond to a cylinder. Hence, At = π(HpDp), where Hp

and Dp are the height and the diameter related to Afr. However, to make this

approximation less simplistic, it was considered that not all the surface area of the

plant was subjected to flow-induced friction. The contact surface between plant

and sediment was presumed to have an angle of approximately 120◦, meaning

that the effective exposed portion of the plant was about 2/3 of the total surface

area. Hence, At
Afr

= 2
3
πHD
HD
≈ 2 leads to the term At in equation 3.20 being

replaced by At ≈ 2Afr. Meanwhile, ρ∗ was set to the value of water density ρw

following Bywater-Reyes et al. (2015), whereas the value of u was provided by

Bywater-Reyes et al. (2015) through 1-D numerical simulations.

All the samples tested were divided into three classes according to the value

of Le: 0.1, 0.2, and 0.3 m (the scour depth of 0.4 m was excluded from any

statistical analysis because of the small number of samples available). Part of

the data was used to calibrate the friction coefficient Cf , whereas the remainder

was used to implement equation 3.20. Static uprooting laws Fp for the three

scour values were obtained by fitting the maximum pullout forces as functions of

plant frontal areas, with an average goodness of fit, R2 of 0.72. The fitted laws

show that more force is needed to uproot a plant with lower Le (Figure 3.8).

Figure 3.9 illustrates the results of the calibration procedure for Cf . A power

law of the type Cf = a3 · Ab3fr + c3 is found to provide the best approximation to

the values of Cf for the three different scour depths considered. The parameters

a3, b3 and c3 have values depending on the scour case considered and generate

curves that reach almost an asymptotic-constant value for Afr > 0.06. As

expected, the friction coefficient Cf increases with Afr. However, Figure 3.9

shows that for equal Afr, Cf decreases as Le increases. This finding agrees with

the intuitive concept whereby a lower value of the friction force is needed to

uproot a plant whose root system has lost part of its residual anchoring resistance

due to scouring around the plant (Edmaier et al., 2011).
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Figure 3.8: Correlation between uprooting force and frontal area of Populus samples

for: a) Le=0.1 m; b) Le=0.2 m; and d) Le=0.3 m.

Figure 3.9: a) Power-fitted curve used to determine empirical law of variation in Cf

with Afr for three different scour depths; b) Le defined by Bywater-Reyes et al. (2015)

as a function of modelled scour depths. The boxplots highlight the degree of dispersion

and skewness of the modelled data about the mean.

Figure 3.9b shows the regression fit between field observations of scour depth

and theoretical values obtained using equation (3.20). The box plots show the
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degree of agreement between the modelled and observed scour depths, indicating

that the mean theoretical values for modelled scour depth are almost the same

as the observed values.

3.4 Probability distribution of the time to uproot-

ing

Perona and Crouzy (2018) formulated an analytical expression for the probability

density function of the elapsed time to uprooting pτ :

pτ (T ) =
Le

2
√
πG(T )3

e

(
− (Le−V (T ))2

4G(T )

) [
gt(T )

2
+ e

(
(Le+V (T ))2

4G(T )

)
W (T )

]
(3.21)

where gt describes the random noise in the erosion process, G(T ) = 1
2

∫ T
0
gt(τ)dτ ,

V (T ) =
∫ T

0
η̇(τ)dτ , W (T ) =

√
πErfc

[
Le+V (T )

2
√
G(T )

](
η̇(T )

√
G(T )− gt(T )

2
V (T )√
G(T )

)
,

and τ is the dummy variable.

Assuming that gt and η̇ are constant, and W (T )=0, equation 3.21 reduces to

the following inverse Gaussian distribution:

pτ (T ) =
Leexp

(
− (Le−η̇T )2

2gtT

)
(gt

2
)

2
√
π(gtT

2
)3/2

(3.22)

with mean equal to Le/η̇ and variance equal to Leg2t
2η̇3

.

More details about the model of Perona and Crouzy (2018) are noted in

Appendix B.

The analytical expression 3.22 was then implemented for the three data sets.

For Edmaier et al.’s and Calvani et al.’s data, the PDF pτ was used to examine

the influence of flow discharge on the statistical uprooting time of plants. In

the case of the field experiments, equation 3.22 was used to obtain probability

density functions of uprooting time of samples from the Bitterroot river for Q2

and Q10.
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3.4.1 Data sets from laboratory experiments

The PDF of uprooting time pτ was determined for different values of L0 and

Q, based on the data sets provided by Edmaier et al. (2015) and Calvani et al.

(2019a). The variance in uprooting time was computed for a range of L0 values.

The range was kept as narrow as possible to be close to the experimental value

while including enough samples for the calculated variance to be representative.

In both insets of Figure 3.10, pτ is plotted against the dimensionless time-to-

uprooting: T/T̄ , where T̄ is the average uprooting time obtained for each range

of L0.

By computing the percentage of biomass that survived the flood events,

1−
∫ T

0
pτ , it was possible to demonstrate that the model successfully interpreted

the random component of the process. For instance, in Figure 3.10b, plants

with L0=75-80 mm subjected to a flow rate of Q=7.4 l/s have less chance of

surviving the event than plants with the same range of L0 subjected to a higher

flow rate (Q=10.5 l/s). This implies the level of noise is high compared to the

strength of the deterministic drift. The opposite occurs for plants with L0=28-30

mm (Figure 3.10a), where the percentage of biomass that survives is higher for

the lowest value of flow discharge (Q=1.60 l/s). This finding is intuitive and

indicates that for L0 ranging between 28 and 30 mm the dynamics gets closer to

the hypothetical condition of a purely deterministic erosion process in the absence

of noise. At higher discharges, the probability distribution shifts towards the

right, and the likelihood reduces that plants can survive a given flood regardless

of the values of L0.

In order to take into account the variability of the plant characteristics of

Calvani et al. (2019a), it is worthwhile to compute the cumulative distribution

of the uprooting probability Pτ . Herein, Pτ was obtained by integrating the

distribution pτ (T̃ ) of the dimensionless uprooting time: T̃ = T η̇
L0
.

89



Figure 3.10 shows there is good correspondence between the theoretical

cumulative density function of the time-to-uprooting, Pτ , and the cumulative

distribution associated with the data extracted from the laboratory observations

of Calvani et al. (2019a). The empirical curve is closely approximated by the

theoretical one, except for a short mismatch as Pτ approaches 1. The distribution

also exhibits good agreement with data from Edmaier et al.’s data sets (see

Perona and Crouzy, 2018).

Figure 3.10: Comparison between the theoretical and the empirical (scatter plot)

cumulative density functions of the dimensionless time-to-uprooting T̃=T η̇/L0; Insets

show probability density functions of time-to-uprooting pτ (T ) for different ranges of

L0, different flow rates Q, and different magnitudes of process variance and erosion

velocity η̇ for the experimental data sets of: a) Edmaier et al. (2015) ; and b) Calvani

et al. (2019a).
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3.4.2 Data set from field experiments

Owing to lack information on the uprooting time, the variability in pτ was

assessed by reference to the variance in maximum pullout force of plants at the

same scour depth. In fact, the variance in uprooting force can be representative

of the variability of the process, being indirectly linked to uprooting time.

However, unlike the laboratory data, Bywater-Reyes et al.’s field data do not

provide information on the vertical erosion rate of the channel bed η̇. The vertical

erosion rate is then determined by referring to the definition of sediment mobility

provided by Shields (1936). According to Shields’ theory, riverbed sediment is

mobilized whenever the riverbed shear stress exceeds a threshold value linked to

incipient sediment movement. Given that both 2-year and 10-year recurrence

time discharges may be considered formative (Doyle et al., 2005), discharge values

greater than Q2 and Q10 are assumed capable of inducing morphological change,

i.e., scour of the channel bed. The bankfull Shields numbers relevant to Q2 and

Q10 (Bywater-Reyes et al., 2015) confirmed that the Bitterroot is a threshold

river (Church, 2006) where the limit for bed material transport is exceeded by a

moderate amount.

Thus, the time periods for which Q > Q2 and Q > Q10 were computed over

the historical flood series to obtain values for the mean duration of the flow

erosion process, t̂, for the two dominant discharges (Figure 3.11). Within the

available historical series, the average times for which Q > Q2 and Q > Q10, are

73 and 49 hours, respectively. Hence, the vertical erosion rate was computed

from:

η̇ ≈ Le

t̂
(3.23)

91



Figure 3.11: Hydrograph of Bitterroot River, Montana, USA, in the year 1997 of the

historical flood series. The flow rates Q2 (dashed line) and Q10 (dot line) provide a

graphical representation of the period during which the riverbed is morphologically

active in 1997.

Figure 3.12 shows the probability density functions of time-to-uprooting for

Q2 and Q10 and for different values of Le. The shapes of the distributions are

very similar for both flow rates with increasing Le. However, the modes of the

distributions have remarkably different magnitudes, affecting the probability of

uprooting over equal intervals of erosion time.

Application of the analytical model of Perona and Crouzy (2018) to Bywater-

Reyes et al.’s data set produces an alternative, valid interpretation of the data

compared to that adopted here. Figure 3.13 illustrates this clearly, where

uprooting probability is plotted against Le for both flow rates. From the plot, it

can be seen that Le exerts a fundamental control on the uprooting probability.

For a constant value of flow rate, the plant uprooting probability decreases with

increasing scour depth.
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Figure 3.12: Probability density functions of time-to-uprooting pτ (T ) for Populus

species in the Bitterroot river, for four different values of scour depths. a) flow rate Q2;

and b) flow rate Q10.

At first glance, this outcome might appear counterintuitive, and so the

mechanism requires a more detailed explanation. If two generic plants, X1

and X2, with the same total rooting length but different scour depth, are

subjected to a flood event of constant magnitude and duration (Figure 3.13),

their uprooting probabilities are different. Given that Le(X1) < Le(X2), the

stream has to "work" (i.e., scour) more for plant X2 than for plant X1, although

Lc2 = L0 − Le(X2) < Lc1 = L0 − Le(X1). Due to the limited duration of any

flood and the stochastic nature of erosion processes, the probability reduces

of reaching the critical scour depth Le(X2) and for plant X2 to be uprooted.

Hence, this process is fundamentally different from scouring and lets the stream

uproot the plant via drag forces only, leading to the same conclusion found by

Bywater-Reyes et al. (2015).
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Figure 3.13: Uprooting probability as a function of scour depth in the Bitterroot

river for Q2 and Q10. Here, X1 and X2 are two generic plants with scour depths of

Le(X1)=0.15 m and Le(X2)=0.35 m, respectively.

3.5 Model limitations

Despite the assumptions introduced to tackle the problem analytically, the

proposed model provides a satisfactory estimate of critical rooting length (i.e.,

r2=0.81, 0.47) even when applied to field cases involving real hydrographs and

plants with more complicated morphologies (i.e., leaf shape and root structure).

This is a crucial aspect of the model, given that, in actual rivers and channels,

the spatial and temporal scales of the process do not allow the critical rooting

length to be recorded directly.

Even so, the model has several limitations. The main rooting length has to be

known a priori because it forms part of the input data. The main rooting length

varies with plant species and age, and so its estimation remains a challenge.

For instance, the main rooting length of certain species has been found to be

not only dependent on the stage of growth of the plant but also on intra- and

94



inter-species variability (Cannon, 1949; Köstler et al., 1968) as well as on spatial

and seasonal variations (Kiley and Schneider, 2005). On the other hand, in

certain circumstances, prediction of the main rooting length from above-ground

biomass measurements is still possible. For example, for young Avena sativa

seedlings (maximal 7-days-old seedlings) estimation of the main rooting length

was successfully achieved by Edmaier (2014). However, such correlation laws

may be hard to obtain for older plants and for plants with a more complicated

morphological structure (see Calvani et al.’s data set). Approximating the root

depth with the rooting length, as done previously (e.g., Edmaier et al., 2015),

may not reflect what happens in nature. For instance, non-uniform soil texture

or thigmotropism may induce roots to change their growth direction (Gregory,

2007).

Other limitations of the model arise from its inherent assumptions, outlined

in the first section of this Chapter. The assumption of the bent configuration of

the plant under drag loading might not be always be valid in practice. The drag

acting on a canopy usually changes with plant bending and exposure time (Nepf,

2012). Another limitation arises from difficulty in estimating the correct value

for Cf because of the flapping instability that occurs in plants with relatively

long leaves. Such a mechanism was found to increase wake turbulence and

generate very marked spikes in the friction factor (Connell and Yue, 2007). Given

the primary contribution of the tangential component of the drag force, the

flapping mechanism and plant vibration may be responsible for the scatter in

the experimental data. Moreover, local fluctuations in the erosion-deposition

processes could also provide a source of noise leading to the occurrence of

uprooting at different times even under the same initial conditions (Perona and

Crouzy, 2018). Randomness emerges also in the correlation law extrapolated

from the pull out experiments. Variability in the relationship between Fp and L0

may be caused by load redistribution among roots (Crouzy and Perona, 2012;
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Edmaier et al., 2014) and readjustment of the portion of the soil that adheres to

the roots when uprooting occurs. Intrinsic process noise is also generated in the

hidden part of the plant, where tortuosity (Schwarz et al., 2010c), and friction

between grains and roots play a key role. Even though the present model does

not account for the foregoing processes, the limitations can be partly overcome

by complementing the free-body model with the stochastic approach proposed

by Perona and Crouzy (2018), as indicated in Section 3.4.

By modeling the critical rooting length, insight is provided into the uprooting

mechanisms of riparian and aquatic vegetation. The present model has the

potential to improve existing numerical models, which rely on assigned values of

critical rooting length (such as Caponi and Siviglia, 2018) or adopt an uprooting

threshold function of a modified critical Shield number (Bertoldi et al., 2014;

Zen et al., 2016) or a dose-response relationship (Oorschot et al., 2016).
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Chapter 4

Biomechanical properties of

small-scale wood logs
The material presented in this Chapter appears in:

Bau’, V., and Perona, P., Biomechanical properties and resistance to uprooting

of laboratory-scale wood logs, Journal of Geophysical Research: Biogeoscience,

125(10). https://doi.org/10.1029/2020JG005782.

4.1 Wood log dynamics in river corridors

Within riparian zones, the hydrological, geomorphic and ecological processes

interact over wide spatial and temporal scales and contribute to bidirectional

exchanges of energy and material (Bendix and Hupp, 2000; Hungr et al., 2001;

Johnston and Naiman, 1987; Likens and Bormann, 1974; Pinay et al., 2018;

Steiger et al., 2005; Wilford et al., 2005). A key material exchange between

rivers and adjacent riparian areas involves the transfer of wood logs to stream

channels (Latterell et al., 2006; Naiman et al., 2000), a process that often takes

place following high magnitude flooding events (Comiti et al., 2016; Mao et al.,

2013; Ruiz-Villanueva et al., 2016; Zischg et al., 2018).

The presence of wood material has been recognised to be as fundamental a

component of woodland fluvial ecosystem as sediment and riparian vegetation

(Abbe and Montgomery, 1996; Anderson et al., 1978; Beckman and Wohl, 2014;
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Gregory et al., 2003; Gurnell et al., 2002; Seo and Nakamura, 2009; Tockner

et al., 2003; Wohl and Scott, 2017). Moreover, wood logs contribute to the

geomorphic and hydrological evolution of riparian ecosystems.

The motion of wood logs involves three main steps: recruitment, transport,

and deposition (Gasser et al., 2019).

Recruitment comprises the selection and delivery mechanism of wood logs

from riparian buffer strips to streams, and is triggered by geophysical events of

stochastic nature such as hillslope failure (Cadol et al., 2009; Comiti et al., 2016;

Iroumé et al., 2015; Keller and Swanson, 1979; Nakamura and Swanson, 1993;

Rigon et al., 2012), bank erosion (Downs and Simon, 2001; Gurnell et al., 2000;

Lassettre et al., 2008; Moulin and Piégay, 2004; Sedell and Froggatt, 1984; Ulloa

et al., 2015), snow avalanches (Bebi et al., 2009), stand-replacing events (e.g.

tree windthrow (Welty et al., 2002), and wildfires (Benda et al., 2003; Rosso

et al., 2007)).

The second wood motion step, transport, refers to the mobilization of wood

logs in river corridors. This is also controlled and driven by river morphology,

a first-order control on the wood regime (Wohl, 2019), and wood properties

(e.g. orientation, size, and density) (Braudrick and Grant, 2000; Gurnell et al.,

2002; Ruiz-Villanueva et al., 2016; Wohl, 2011). The transport of wood logs may

present a hazard, especially when hindered by obstacles such as infrastructure

and urban agglomerates (e.g. bridge piers).

Finally, deposition is the process by which wood logs settle on floodplains and

alluvial bedforms such as bars and islands as a result of low flow conditions or

narrowing of the river section. The deposition of driftwood entails fundamental

ecological functions because driftwood provides niches for aquatic and terrestrial

life-forms (Fisher and Likens, 1972), sustains water quality, and provides nutrients

and shelter for organisms in a variety of physical habitats (Corenblit et al., 2011;

Décamps and Naiman, 1990; Francis et al., 2008; Naiman and Decamps, 1997;

98



Welber et al., 2012).

Once wood fragments have deposited on moist sediment, there is a high

probability that they develop adventitious roots and sprout (Barsoum, 2002;

Dewit and Reid, 1992; Galloway and Worrall, 1979; Rood et al., 2003) and

promote the formation of stable vegetated patches (Francis, 2007; Gurnell et al.,

2005; Gurnell et al., 2012; Montgomery et al., 2003) (Figure 4.1). This, however,

does only apply for vegetation that can reproduce asexually and for a limited

range of species. For instance, in a study of the riparian forests of the Pacific

Coastal Ecoregion, Naiman et al. (2000) report that redwood, willow, poplar,

and ash are notable examples of species likely to develop roots from disseminated

fragments.

Meanwhile, the success of rejuvenated wood logs in establishing roots on

river bedforms depends on competition between the biological timescales of the

plants and the frequency and magnitude of the hydrological events that the plant

experiences. Hence, knowledge of how the biomechanical properties of wood logs

evolve can contribute to assessment of their ability to withstand drag forces and

their probability of regeneration on alluvial sediments.

Substantial research has been devoted to understanding the dynamics of

recruitment and transport (Bocchiola et al., 2002; Braudrick et al., 1997; Daniels,

2006; Iroumé et al., 2015; MacVicar and Piégay, 2012; Martin and Benda, 2001;

Ravazzolo et al., 2015; Ruiz-Villanueva et al., 2014), but has not yet explored the

biological timescales and root resistance of the plants when deposited. Hence,

investigation into such properties introduces an important new perspective from

which to explore the dynamics of wood material in rivers. However, study of

the biomechanical properties of wood logs in-situ is not an easy task, and it

is therefore necessary to investigate the resilience of wood logs by undertaking

controlled laboratory experiments.
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Figure 4.1: Examples of regrowth stages of wood logs of different sizes found on river

bars: a) Sprouting of a willow branch deposited on a bar in the Sense River, Switzerland

(photograph courtesy of V. Ruiz-Villanueva); b) Deposited wood fragments on a bar in

the Thur River, Switzerland (photograph: P. Perona) where it can be deduced from the

stage of evolution of the branches that the root system of the logs may have developed

a certain anchoring resistance; and c) example of sprouting from below the ground.

The aim of this Chapter is to study the growth dynamics of small-scale wood

logs and explore their mechanical resistance through pullout experiments. These

pullout tests were successfully performed under two different sediment moisture

contents and at different growth stages. Particular attention was devoted to the

uprooting force-displacement signal, and to the sequence of force drops. Based

on the timescale evolution of stems and leaves, the flow-impact areas of the wood

logs were computed to estimate the forces exerted by flow and to assess the wood

logs resistance to uprooting.

4.2 Experimental procedure and set-up

4.2.1 Plant species selection

The species selected for these experiments is Salix fragilis. This species is part of

the Salicacae family that, according to the literature and to the experiments in

Chapter 2, was found to have a high ability to root in adequate soil moisture

conditions. Furthermore, the use of cuttings rather than seedlings allowed
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processes that occur widely in nature to be simulated, given that wood fragments

deposited on river bedforms mainly derive from broken branches or trunks of

trees transported during floods. In addition, the cuttings reproduce, at small

scale, a tree trunk or wood log and facilitate the design of an upscaling procedure.

The samples were harvested from the same tree from which the cuttings used in

the previous experiments (Chapter 2) were collected.

4.2.2 Cutting selection and collection

The principle of sample selection was analogous to that outlined in Section 2.2.2.

In the present case however, cuttings of similar diameter were carefully selected

in order to facilitate the development of up-scaling rules. The resultant mean

diameter of all collected samples, d̄, was found to be 1.20 cm, with a standard

deviation, σL, equal to 0.2 cm. Once extracted, the cuttings were pruned into

four different standard lengths L: 5, 10, 15, and 20 cm.

4.2.3 Planting of cuttings

Cuttings were assigned randomly to rhizoboxes, but, unlike in Chapter 2, the

cuttings were not placed in water before planting to prevent roots developing

all over the surface of the trunk. Each sample was planted horizontally, half-

embedded in a 16 cm soil layer with moisture content of 60%. The moisture

content was also kept at this value for the whole duration of the experiments.

The system used to regulate the water table in the sand was analogous to the that

adopted previously. Therefore, the present moisture conditions were obtained

by maintaining the water at a level 6 cm below the surface of the substrate

(Figure 4.2a). Fully saturated conditions were avoided to reduce the risk of

anoxia which, in the long term, could have led to the death of the plants.

As before, the sand did not contain any organic material, and cuttings were
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not treated with any nutrients. The granulometry of the sediment is the same as

illustrated in Figure 2.2.

4.2.4 Plant growth timescales

The duration of each experiment was prescribed according to the growth rates

attained by the plants. Here, duration is defined as the period that elapses

between the day when a log is planted and the day the log is uprooted. The

lower time limit of growth was set to 2 weeks to allow the roots to develop a

certain resistance. The maximum time growth was 9 weeks (Table 4.1). The

upper growth limit was dictated by the state of health of the plants: it has been

observed that after 60 days, plants were likely to weaken and die. It should be

noted that, for most alpine rivers, this timescale corresponds to the return period

of small to moderate floods able to remobilize the logs (Trush et al., 2000).

On average, every four days, the following measurements were taken for each

cutting: the number of stems, their combined length, and the number of living

leaves. The measurements were carried out throughout the plants’ lifetime using

a simple ruler (precision 0.1 cm).

The temperature in the laboratory was recorded to have a mean value of

22◦C with a maximal diurnal fluctuation of 4◦C.

4.2.5 Uprooting procedure and materials

Once cuttings had reached their specified growth duration, they were extracted

from the soil using the motorized pulley system described in Chapter 2 (see

also Figure 4.3a). For certain samples, the uprooting was obtained under the

moisture conditions used over their growing time (60% of moisture, Figure 4.2a),

whereas for the remainder, the water table level was raised to the sediment

surface creating a saturated medium (Figure 4.2b). This latter scenario is more

102



representative of conditions to which pioneer plants are subjected, and it enables

determination of the sediment moisture condition of plant uprooting in rivers.

Table 4.1: Summary table listing the length of cuttings tested, time slots of uprooting,

and total number of samples pulled out. The uprooting time refers to the elapsed time

between when cutting is laid on the sediment and when it is uprooted.

cutting size [cm] uprooting time [weeks] total samples

5, 10, 15, 20 2, 3, 4, 5, 6, 7, 8, 9 326

Figure 4.3b depicts the plant-wire connection system, which only differs from

the previous system in the position where the pins were pierced. As Figure 4.3b

shows, the extremities of the cuttings were those clipped to the wire. Cuttings

were pulled up with the same constant vertical velocity used for vertical cuttings.

Measurements of the root architecture parameters were recorded immediately

after the samples were uprooted, to avoid roots losing water content. Roots were

gently detached from the log and washed to remove residual soil particles and

then scanned using an EPSON Expression 10000 XL.

Starting from a predetermined reference point, the relative position of each

root along the cutting was assigned an appropriate interval of 1 cm. Root archi-

tecture parameters (e.g., root length, volume, surface area) were computed using

WinRHIZO BASIC 2009 root analysis software (Régent Instruments Canada,

Inc.) for the total root biomass present in each interval.
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Figure 4.2: Sketches of the containers used in the experiments. a) Water level kept

about 6 cm below the sediment surface, corresponding to 60% relative moisture of the

unsaturated layer (this setting applied to the growth phase of all the plants); b) Soil

moisture conditions when the samples were uprooted (to achieve 100% saturated soil,

the water table level was raised to the surface of the sediment).

Figure 4.3: Sketch of the pullout experiment. a) Motorized pulley system: cutting is

uprooted by an external force powered by a motor whose rotation was measured by an

encoder. The exerted force Fp was continuously recorded by a load cell attached to an

amplifier that, in turn, was connected to the computer. The modulus of Fp is equal

to the anchoring resistance R developed by the root system; b) Schematic view and a

photograph of the plant-wire connection system.
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4.3 Plant growth tendencies

The evolution of plant biomass was evaluated in terms of sample averages, whose

values were fitted to extrapolated growth laws for parameters representing below-

and above-ground biomass. Computation of the averages was almost always

undertaken for samples of the same size that were uprooted within the same

week.

4.3.1 Below-ground biomass

Statistical analysis of the below-ground biomass focused on specific architectural

parameters of the plant that affect uprooting resistance. Study of the development

of biomass over the length of the cutting may shed light on possible up-scaling

rules.

The scanned photo of the generic sample in Figure 4.4a reveals promising

results. The root biomass per unit length, ω(x), is almost uniformly distributed

over the distance coordinate x. Figure 4.4b confirms, overall, a uniform trend

in the normalized cumulative distribution of surface area of the roots. The

normalized cumulative root surface area is expressed by Ω(x̃) =
∫ x̃

0
ω(ζ)dζ and

is represented over the normalised values of the cutting lengths: x̃ = x
L
. The

normalized cumulative distributions in Figure 4.4b were plotted for all growth

stages considered and for all cutting sizes.

A one-sample Kolmogorov-Smirnoff test was run to assess whether the ob-

served data on root biomass were uniformly distributed over the normalized

cutting lengths. The results have revealed that the null hypothesis is never re-

jected for a significance level equal to 0.05. Therefore, the empirical distribution

functions are statistically close to the uniform density distribution. This indicates

that the logs tend to develop roots at a constant spatial distance independently

of their size, which is relevant for up-scaling purposes.
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Figure 4.4: Distribution of root biomass over the length of the cuttings. a) Coloured

scanned image of a sample of length L (red bars emphasize the uniform distribution of

the root biomass over the distance coordinate x); b) normalized cumulative distributions

of the total root surface area of the samples.

Figure 4.5a shows that the growth trends of the root lengths tend to follow

power laws of the form L̄r = a4 ·tb4 . Similar tendencies can be seen in Figure 4.5b,

where the variation in average number of roots, n̄r, is plotted over time. Average

values of the number of roots were calculated using the same approach used

previously for the total root length; the resulting fitting equations have the form:

n̄r = a5· tb5 .

Once L̄r and n̄r were evaluated, the average root depth, l̄ was determined by

computing the mean value of the ratio of total root length to total number of

roots grown in each interval. The values obtained were then further averaged

across all the intervals, noting the uniform distribution of the roots along x

(Figure 4.4). Values of l̄ were determined for all plants uprooted at the same

time regardless of their length L. Consequently, eight values of the averaged root
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depth were obtained (Figure 4.5c) and fitted by a power law: l̄ = a6 · tb6 .

Figure 4.4d depicts the relation between root diameter and total root length

of the samples. The root diameter was derived by computing the average of the

diameters of all the roots belonging to each sample. Once again, the trend can

be expressed by a power law dr = a7 · tb7 . Table 4.2 lists the fitting coefficients

of the power laws of Figure 4.5 and the respective goodness of fit measures, R2.

On average, the growth trends exhibit power-law behaviour in terms of root

length, number of roots, root diameter and depth. However, low values of the

goodness of fit do occur, particularly when L= 5 cm (see Table 4.2). This

suggests that data variability cannot be neglected. The variability is certainly

due to the intrinsic randomness of plant development and the heterogeneity of

plant characteristics. Even though cuttings were collected from the same tree,

some did not develop roots, others died, and some developed stems faster than

others even when subjected to the same external conditions (e.g. sediment, water

percentage availability, and stable environment temperature). This variability

in the data may also be attributed to the limited availability of samples when

computing the statistical averages.

Table 4.2: Fitting coefficients and the goodness of fit R2 for the power laws fitting

L̄r, n̄r, l̄, and dr.

L̄r n̄r l̄ dr

cutting size [cm] a4 b4 R2 a5 b5 R2 a6 b6 R2 a7 b7 R2

5 0.05 0.41 0.41 3.19 0.17 0.28

0.02 0.27 0.85 0.004 0.65 0.78
10 0.08 0.58 0.92 4.08 0.30 0.64

15 0.04 0.88 0.81 1.78 0.62 0.69

20 0.08 0.81 0.88 3.38 0.56 0.66
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Figure 4.5: Average trends in below-ground parameters. a) Variation in average total

root length with time for different sizes of cuttings; b) Variation in average root number

with time for different sizes of cuttings; c) Variation in average root depth over time;

d) Root diameter against the total root length.

4.3.2 Above-ground biomass

Statistical analysis of above-ground parameters considered growth trends in stem

length and number of leaves, which are required in calculating the flow-induced

drag forces acting on the plant canopy.

Figures 4.6a and 4.6b show that the stem growth rate alters according to the

size of the cutting. As observed before for the root length and root number, this

rate increases progressively with trunk size. The mean time needed by the plants

to sprout fully is about 25 days (Figure 4.6a). Surprisingly, more time is needed

by cuttings of size 20 cm to reach 100% of the sprouting rate. In general, the

overall trend is that longer cuttings sprout faster.

Figure 4.6b illustrates the variation in average total length of the stems,
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L̄s, with time for each size class. Here, the mean values are obtained as in

subsection 2.4: the averages were computed over the total length of the stems

that developed in each recording time. The trends of the dots suggest that, as in

Chapter 2, the logistic curve (equation 2.1) is a suitable law here. To achieve

the best fit, the logistic growth rate, kl, was set equal to 0.12, independently of

L. The sigmoid’s midpoint, t0, was located at 28 for both L = 5 cm and L = 20

cm and at 30 and 27 for L = 10 cm and L = 15 cm, respectively. The stems

grew to a maximum length whose value represents the carrying capacity of the

logistic model. The maximum length reached by the stems depends on the size

of the cutting, and increases when L increases (Figure 4.6b). It is worth noting

that the logistic curves represented in Figure 4.6b present higher values of the

parameter to (Table 4.3) than the data listed in Table 2.2 in subsection 2.4. The

stems of samples planted horizontally grew more slowly than stems of samples

planted vertically. This is not surprising given that the available area for growth

is considerably smaller for horizontally planted cuttings.

Figure 4.6c shows that the averaged number of leaves n̄l correlates linearly

with L̄s. Here, the data are fitted by a regression line of the form: n̄l = a8 · L̄s

Finally, a correlation between below- and above-ground biomass was also sought.

Figure 4.6d shows the correlation between the total length of the stems and

the total root volume developed by the time of uprooting. However, due to the

high variability of data, the stem length and root volume were referred to their

mean values, L̄s and V̄r, which were computed for samples at the same growth

stage. Data follow a power law with equation: L̄s = a9 · V̄ b9
r .

A similar fitting law was also obtained in previous experimental studies

(Pasquale, 2012). Table 4.3 lists the fitting coefficients for n̄l and L̄s.
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Figure 4.6: Averaged trends in above-ground parameters. a) Sprouting rate of Salix

fragilis obtained for each cutting size; b) Trends in average value of the total stem

length with time for each cutting size c) Average number of leaves versus averaged total

length of the stems. d) Average total stem length versus averaged root volume.

Table 4.3: Values of the coefficients kl and t0 of the logistic curves, and the fitting

coefficients and the goodness of fit R2 for n̄l and L̄s.

logistic curve n̄l L̄s

cutting size [cm] kl t0[days] a8 b8 R2 a9 b9 R2

5 0.12 28

85 - 0.97 55.58 0.63 0.60
10 0.12 30

15 0.12 27

20 0.12 28
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4.4 Resistance to uprooting

4.4.1 Force-displacement curves

The force-displacement curves illustrated in Figure 4.7 present examples of

uprooting signals obtained under partially and fully saturated soil conditions.

In these plots, the main three phases of the uprooting process outlined in 2.6.1

can be still identified. When comparing the panels in Figure 4.7a to the those of

Figure 4.7b, two main differences can be detected. Figure 4.7 not only shows

that the maximum force peak reaches higher values in low saturated conditions,

but also illustrates certain differences in the descending phase. Typically, in

low saturated sand, anchoring forces decay rapidly with large and rapid drops

following sharp peaks (Figure 4.7b). This trend is more discernible for 20 cm

cuttings and less evident as the size of cuttings diminishes; this is because the

load the plant needs to withstand is smaller. For saturated sand (Figure 4.7a),

the descending phase is slower and smoother indicating more uniform friction,

with smaller post-peak force oscillations. Similar behavior was observed by

several authors including (Edmaier et al., 2014; Ennos, 1990; Schwarz et al.,

2011) and will be further discussed in the next sections.

4.4.2 Uprooting force

In previous studies, the maximum root resistance exerted by roots was found to

increase with the total length of the roots (Bailey et al., 2002; Edmaier et al.,

2014; Ennos, 1989; Karrenberg et al., 2003). The same trend can be observed

in Figure 4.8, where the maximum pullout force, Fp, increases linearly with the

total root length of the samples, Lr, depending on the soil water content. For

100% saturation, the extrapolated law was found to be:

Fp = 0.82 · Lr (4.1)
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Figure 4.7: Force-displacement curves for Salix cuttings of different size L uprooted

at different times. Samples illustrated in panels a) are uprooted under 100% saturation

conditions, whereas those in b) are uprooted under 60% saturation. The cutting size L

and uprooting time for each sample are illustrated as follows: a1) L = 5 cm, week =

5th; a2) L = 10 cm, week = 6th; a3) L= 15 cm, week = 7th; a4) L = 20 cm, week =

7th; b1) L =5 cm and week = 5th; b2) L = 10 cm, week = 6th; b3) L = 15 cm, week =

7th; b4) L = 20 cm, week = 7th.

with R2 = 0.67, and r2 = 0.82. For 60% saturation:

Fp = 2.24 · Lr (4.2)

with R2 = 0.54, and r2 = 0.78.

By comparing the laws given by equations 4.1 and 4.2, it is obvious that

the maximum uprooting force for fully-saturated conditions is more than twice

lower than for unsaturated conditions. This is in accordance with the discussion

in Section 2.6.2. The uprooting force increases with time, as can be seen by

the relationships between total root length and time depicted in Figure 4.5a.

Moreover, it can be observed that the maximum uprooting force simply depends
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on the size of the cutting via the total rooting length, which, in turn, scales with

the cutting size L. This confirms the existence of a possible up-scaling law (given

the low variability of the cutting diameters).

Figure 4.8: Maximum uprooting force plotted against the total root length. a) 100%

saturated medium; and b) 60% saturated medium.

4.4.3 Uprooting work

The work done by uprooting (Figure 4.9), obtained by computing the area under

the force-displacement curve, reveals valuable information about the resilience

to uprooting of the plant. In 100% sediment moisture content (Figure 4.9a),

the uprooting work is better approximated by a second-degree polynomial law,

whereas for plant uprooted in low saturated sand (Figure 4.9b) the work increases

linearly with total root surface area, albeit with a higher variability.

The occurrence of the two different trends in the uprooting work may be

explained by examining the post-peak phase of the force-displacement curve

in Figure 4.7, where a substantial part of the work takes place. For fully-

saturated sand, the uprooting process requires more time to complete than for
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low-saturated conditions (compare Figures 4.7a and 4.7b), when roots have less

resilience because of the energy loss occurring in shorter time and space.

Figure 4.9: Maximum uprooting work plotted against total root length: a) 100% satu-

rated medium, where the fitting law is quadratic such that W=7.7·10−3L2
r+3.6·10−2Lr,

R2=0.83, and r2=0.93 (Spearman coefficient); and b) 60% saturated medium, where

the fitting law is linear such that W=6.2·10−2Lr, R2=0.42, and r2=0.64.

4.5 Force drop analysis

In carrying out statistical analysis of the force drops it is necessary, first, to

define what are force drops and classify them quantitatively.

4.5.1 Definition of force drop

Force drops correspond to the monotonic decline of the force-time signal between

two successive local maximum and minimum values. However, such monotonic

decline may occur with differing mean gradient. Hence, it is necessary to introduce

a parameter that can represent the steepness of the force drops and be used for

their classification. The parameter is here denoted as α, expressed as the ratio
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of local maximum-to-minimum differences of two consecutive values of forces dF

to their respective time-lapses dt (Figure 4.10a). By varying α, the force drops

can be classified according to size and number.

4.5.2 Force drops under different soil moisture conditions

Figure 4.10b shows the variation in ratios of number of force drops to α in 100%

saturated soil, NF
100, and 60% saturated soil, NF

60, when varying α between 0.5

and 1.5. NF
100 and NF

60 are obtained by computing the average of the number of

force drops filtered out from the force signals from plants uprooted at the same

time in saturated and unsaturated conditions, respectively.

From Figure 4.10b, it can be seen that the ratio NF
100

NF
60

decreases exponentially

for α ≥0.5-0.9 and becomes almost constant from α ≥1. Therefore, N
F
100

NF
60

becomes

independent of α when α is close to 1. This leads to the easy deduction that

mild drops are more recurrent when plants are uprooted in saturated soil.

Figure 4.11 illustrates the cumulative relative frequencies of the force drops

magnitude computed for plants with similar root length and uprooted at the

same time for two different sediment moisture conditions, e.g. as shown in

Figure 4.7a4 and 4.7b4. When α ≥0.5 (Figure 4.11a), 50% of the force drops for

a plant uprooted in saturated sediment have magnitude below 0.017 N, unlike

0.107 N for a plant pulled out from low saturated sediment. For the same value

of α in 100% saturated sediment, the force drops have magnitude in a range

4 times larger than in highly saturated sand. A similar trend can be observed

when α ≥1.5 (Figure 4.11b). Hence, the magnitude of force drops is higher the

less saturated is the sediment, suggesting occurrence of stronger adhesion among

sediment particles (Edmaier et al., 2011). Therefore, regardless of the size of the

sequences of the force drops, the mechanism by which downward jumps occur

changes according to the moisture level of the sediment.
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dt

dF

Figure 4.10: Relationships between uprooting force with time and force drop ratio

with α: a) Generic force-time curve illustrating the concepts of dF , dt, and α; and b)

Averaged ratio of number of force drops in 100% saturated soil to that in 60% saturated

soil as a function of α, with standard deviation σ superimposed.

Figure 4.11: Cumulative probability distributions of force drops corresponding to the

force-displacement curves in Figure 4.7a4 (100% saturation) and 4.7b4 (60% saturation)

when: a) α ≥0.5; and b) α ≥1.5.

4.5.3 Autocorrelation function

It is also instructive to compare the autocorrelation function of the sequences of

force drops dF and their inter-time dT .

The formulas to obtain the autocorrelation function are given in Appendix C.

Figure 4.12 shows a series of autocorrelograms, on which are superimposed

blue solid lines demarking the confidence bounds. For 100% saturation and
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α ≥0.5, the autocorrelograms of the sequence of the force drops, and their

respective intertimes show positive, though low, correlations for almost each

lag (Figures 4.12a1 and 4.12a3). This is most likely due to rearrangement of

sand grains in the soil matrix when roots are sliding. This is not the case in low

saturated conditions (Figures 4.12b1 and 4.12b3), where the correlation is not

significant.

This discrepancy in the autocorrelograms may be explained as follows: when

the medium is entirely saturated, water fills the pores and roots tend to slide

between the sand grains. The presence of water modifies the sand grain ar-

rangement around the roots and causes regular force decays to occur (Schwarz

et al., 2011). On the contrary, for lower water content in the sediment (60% of

water content), the force signal (Figure 4.7b) exhibits steeper force drops (steep

loosening). Once roots exceed soil strength, the lower cohesion of sand allows

quicker movement of the roots through the grains. Thus, the force drops and

the related inter-times between them assume an autocorrelated "white" noise

structure. Moreover, the large force drops and the related inter-times appear

to have a correlation structure with a spatial scale comparable to the smallest

fluctuation in the process, i.e. of the order of sediment grains.

In saturated soil (Figure 4.12a2), the correlation of dT narrows to zero before

falling below the bound after the third lag. In low-saturated sand, the loss of

correlation in the time signal occurs after the first lag (Figure 4.12b2). Knowledge

of the ‘constant’ uprooting velocity and mean inter-time between force drops

allows computation of the average displacement of roots, δx. In 100% saturated

soil, δx = 0.08 mm, whereas in low saturated soil, δx = 0.10 mm. By multiplying

the number of lags (within which correlation subsists) by δx, it is found that in

full and low saturated conditions, each steep force drop occurs after a spatial

slip of about 4 and 10 grains−1, respectively. This is obtained by assuming

that force drops occur at the spatial scale of a sediment grain, following Crouzy

117



et al. (2014). Hence, in a fully saturated medium, the process is correlated,

and the sand matrix continuously manages to readjust throughout root sliding.

However, just when roots have slid over 4 sand grains−1, a steep force drop occurs

introducing randomness to the signal. On the other hand, under low-saturated

conditions, roots slide only when the magnitude of uprooting force is sufficiently

high to create gaps among the grains that, without lubrication, cannot readjust

and let the root slide. Hence, the spatial scale at which large fluctuations occur

changes according to the saturation percentage of the soil. This different behavior

would suggest that, for similar root lengths, a steep jump in low saturated soil

takes place with higher spatial frequency than in fully saturated conditions albeit

in a much shorter amount of time. The opposite is true for saturated soil.

To conclude, the autocorrelation functions provide further insight into the

frequency at which force drops occur, so complementing the results illustrated in

Figure 4.10.

4.5.4 Residual uprooting force

Finally, it is interesting to analyze the final force recovery event in the force-

displacement signal, Fres, and compare it to Fp (both parameters are illustrated

in Figure 4.13). In the scatter plots in Figure 4.13, two main regions can be

identified.

Region I, to the left of the green line, includes mostly small cuttings of which

some of the less mature 15-20 cm cuttings have invested all their energy in

withstanding the uprooting force. Notably, for fully-saturated soil, the data in

the left region are dispersed within a range of Fres
Fp

that is larger than in low-

saturated medium. This agrees with the trends in descending phases observed in

Figure 4.7.
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Figure 4.12: Autocorrelation functions of the force drops dF and their respective

intertime dT . The blue solid lines demark confidence bounds. Autocorrelation of

the force drops intertime dT for 100% saturation when: a1) α ≥0.5; a2) α ≥1.5;

Autocorrelation of the force drops dF for 100% saturation when: a3) α ≥0.5; a4)

α ≥1.5. Autocorrelation of the force drops intertime dT for 60% saturation when: b1)

α ≥0.5; b2) α ≥1.5; Autocorrelation of the force drops dF for 60% saturation when:

b3) α ≥0.5; b4) α ≥1.5.

In 60% saturated soil, the energy loss occurs with large force drops and over

shorter time intervals than in 100% saturated soil. This implies that the residual

energy of roots may not be sufficient to generate a resistance Fres comparable to

Fp.

Region II includes cuttings uprooted at a later stage of growth, when Fres
Fp

is

almost constant regardless of the value of Fp. The presence of mature plants in

the right hand region indicates that older plants can have higher resilience. A

similar division of Fres
Fp

data into two regions with respect to Fp was also observed
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by Crouzy et al. (2014) for Avena sativa plants.

I IIIII

Figure 4.13: Fres
Fp

versus Fp for uprooting in: a) 100% saturated soil; and b) 60%

saturated soil. The inset panels comprise displacement curves on which are marked the

maximum uprooting force Fp and the residual force Fres that indicates failure of the

last plant fiber.

4.6 Uprooting by flow

The likelihood of a wood log being removed by flow does not depend only on its

relative elevation on the patch and flood characteristics, but also on the log’s

biomechanical properties. Whether a wood log is uprooted or not depends on

the stage of growth that the plant has reached by the time the flood arrives.

By studying the statistics of plant growth, it is possible to assess the trend in

drag force over different plant growth phases and compare the trend with the

evolution of root resistance derived from pullout experiments. Given that the

root resistance law was determined in the previous section (equation 4.1), it only

remains to compute the drag force. The coefficients in equation 4.1 are selected
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to simulate soil conditions typical of a scenario of a flooding event.

4.6.1 Drag force computation

In the previous Chapter, it has been established that the forces destabilising a

submerged plant comprise the water drag forces and the net buoyancy force. By

neglecting the contribution by buoyancy, the force balance for overall drag on a

log are described by the following equation:

Fd = Fd,n + Fd,t (4.3)

where the modulus of the normal component Fd,n and tangential component Fd,t

of the drag force are expressed by equations 3.7 and 3.8. The projected area of

the trunk of the log in the flow direction, An, depends on the orientation of the

trunk towards the flow. In this case, it was assumed that the impact between

the flow and the longitudinal cross-section of the log is perpendicular, hence

analyzing the worst-case scenario. The surface area exposed to the flow, At, was

set equal to: As + Af , which is the sum of the total surface area of stems, As,

and the total area of leaves, Af , exposed to flow. Cd and Cf were each assigned

a representative value of 1 (Järvelä, 2002), thus being also in line with the values

obtained in Chapter 3.

Following the approach used in Chapter 3, estimation of the projected and

surface areas An, As and Af , was made possible by approximating the shapes

of the trunk, stem and leaves by geometric shapes. In these circumstances,

An, As, and Af were approximated by a rectangle, a cylinder, and a rhombus,

respectively. The modulus of the drag force then becomes:

Fd =
1

2
CDρwu

2 (An) +
1

2
Cfρwu

2 (As + Af n̄l) (4.4)

By expressing As in average terms and using the fitting laws of n̄l extracted
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in section 3.3.2, equation 4.4 becomes:

Fd =
1

2
CDρwu

2

(
Ld̄

2

)
+

1

2
Cfρwu

2
(
πdsL̄s + Afa8L̄s

)
(4.5)

where Ld̄
2

is the projected area of the wood log in the flow direction and ds is the

diameter of the stem.

Graphically, uprooting takes place when the drag surpasses the root maximum

resistance curve. In order to be able to plot the drag forces and the resistance

law R(Lr), the drag force components in equation 4.4 have to be written as

functions of the total root length Lr. Consequently, both the total surface area

of the stem As and the total surface area of the leaves Af must also be expressed

in terms of Lr.

Using the fitting law for L̄s:

Fd =
1

2
CDρwu

2

(
Ld̄

2

)
+

1

2
Cfρwu

2πds

(
c

1 + e−kl(t−t0)

)
+

1

2
Cfρwu

2Afa8

(
c

1 + e−kl(t−t0)

) (4.6)

By invoking the link between time and average root length from Figure 4.5a and,

under the reasonable assumption that L̄r ≈ Lr, equation 4.6 can be rewritten as

follows:

Fd =
1

2
Cdρwu

2Ld̄

2
+

1

2
Cfρwu

2πds

 c

1 + e
[−kl((Lra4 )

1
b4 −t0)]


+

1

2
Cfρwu

2Afa8

 c

1 + e
[−kl((Lra4 )

1
b4 −t0)]

 (4.7)

Figure 4.14a displays the trends in dimensionless drag force, F̂d, and maximum

root resistance, R̂(Lr), with increasing Lr. The plot refers to a cutting with

L = 20 cm and a fixed value of impact velocity u. The dimensionless forms

were obtained by dividing equations 4.1 and 4.7, respectively, by the product:
1
2
Cfρwu

2d̄2, such that the drag force is parametrized by L and the root resistance

scales with u.
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It is obvious that uprooting occurs within two temporal windows. The first

one, I, is located at the very early stage of plant growth when the root length

is still small and the curve of the drag forces is convex. The second window,

II, occurs in the section of the curve that coincides with the terminal growth

stage of the plants. The occurrence of biological time windows reminds of the

concept introduced by Balke et al. (2011), who studied the threshold for the

establishment of mangrove seedling on tidal flats.

Figure 4.14b shows the trend in dimensionless drag force with root length for

all values of cutting length L. Here, R̂(Lr) is plotted for increasing values of u

(gray lines). It can be observed that the curves representing F̂d cross the Lr=0

axis at different ordinate values. This is due to the fact that, when wood logs

have not yet developed any above- and below- ground biomass, the drag force

acts only on that portion of the trunk exposed to the flow. Over a certain range

of low flow velocities, wood logs can provide resistance to drag forces without

any contribution from root resistance. Importantly, this means that the present

model is applicable both to species able to reproduce asexually, and to species

incapable of resprouting.

On the other hand, the drag force curves interrupt at different values of Lr,

with the maximum values reached by Lr depending on L, as seen in Figure 4.5a.

Moreover, unlike the root resistance curves in Figure 4.8, the trends in drag

forces are affected by the size of the cuttings.

In other words, Figure 4.14 displays the timescales for which stranded wood

logs can be threatened by flooding events.
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I II

Figure 4.14: Relationship between dimensionless drag force and maximum root

resistance: a) for L = 20 cm and a fixed value of u; b) for all cutting sizes L and

different values of u.

4.7 Strengths and shortcomings of the current ap-

plication

The results presented in this section have demonstrated the versatility of the

free-body model presented in Chapter 3. In particular, the findings in the

previous Section confirm that the free-body model can be suitably applied to

wood logs. It should be noted however that scouring processes, accounted in the

free-body model in Chapter 3, were not considered here. As a consequence, the

type of uprooting simulated here is of Type I. This simplification is nevertheless
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consistent with the young growth state of the samples considered. In practice,

when the scour depth is known, equation 4.6 can be rewritten by adding the

contribution of the force acting on Le, by following the approach suggested by

equation 3.15, which also takes into account the surface area of exposed roots.

Another aspect to consider is the assumption concerning the impact angle of

flow-cutting. When computing the drag force, the cases solely considered flow

impact perpendicular to the longitudinal cross-section of the log. More complex

scenarios, which involve impacts at other angles, were not examined.

The present experiments and analysis have enabled light to be shed on

limitations that were not identified in the previous Chapter. The main constraint

arises from having expressed the maximum uprooting force as a function of total

rooting length. This implies that the strength exerted by a long root results from

the summed individual root strength, assuming perfect cooperation among roots

(Ennos, 1993). However, it may be thought that the pullout force is not built

up by the individual and simultaneous contribution of all roots. Roots are not

pulled in parallel, but uprooting is a “slightly cumulative process”, as described

by Edmaier (2014), where a root is strained just after loosening of another root

that was previously under tension. Nonetheless, it should be noted that the

calculation of maximum root resistance included contributions provided by root

hairs and secondary roots, whose cooperation is significant in multi-root systems

(Bailey et al., 2002; Ennos, 1989).

To conclude, despite the aforementioned limitations, the present analysis

provides a useful tool to inform new flood protection measures and to understand

the contribution of wood logs to river ecology, management, and restoration. It is

hoped that the present experiments will be further reproduced at larger scales in

order to develop up-scaling rules that would be useful in predicting such complex

dynamics.
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Chapter 5

The role of vegetation roots in

riverine ecosystem resilience

5.1 Flow regime shifts in riparian ecosystems

Riparian ecosystems are highly dynamic systems that serve as transitional bodies

between land and water through an exchange of energy, materials, and biota

(Helfield and Naiman, 2001; Naiman and Decamps, 1997; Ward, 1989). This

connectivity takes place over a very large spatial extent, and such complex inter-

action makes riparian ecosystems vulnerable to perturbations of the natural flow

regime. Riparian ecosystems have therefore become one of the most threatened

ecosystems globally (Theobald et al., 2010).

The ‘master variable’ that shapes and regulates the process rates and the

dynamics of riparian ecosystems (Power et al., 1995) is the flow regime. According

to Poff et al. (1997), the flow regime has five relevant components (magnitude,

frequency, timing, duration, and rate of change) that together contribute to reg-

ulate the ecological dynamics of the riverine ecosystem and its geomorphological

assets. The natural river flow variability enables the occurrence of many physical

and biogeochemical processes that are essential for the correct functionality of

the ecosystem (Karr, 1991; Poff et al., 1997; Richter et al., 1997). For instance,

the natural intermittence of magnitude and frequency between high and low

flows ensures a proper balance between seed dispersal and sediment (induced
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by high flow) and vegetation recruitment (induced by low flow). Hence, the life

cycles and functionality of biota are regulated and have adapted to the natural

variability of the flow components (Bunn and Arthington, 2002; Lytle and Poff,

2004).

However, in recent decades, riverine landscapes have been subjected to human-

induced perturbations that have altered the structure and functions of local

ecosystems to accommodate human needs. Irrigation systems, groundwater

exploitation, dams, and other forms of river adaptations have triggered serious

alterations to the natural flow regime, which, in turn, have had detrimental

repercussions on the equilibrium of the riparian ecosystem, leading to its ecological

degradation (Bunn and Arthington, 2002; Petts, 1984; Poff et al., 1997; Rosenberg

et al., 2000). However, anthropogenic activities are not the only flow regime

stressors; the quantity and pattern of streamflow are also affected by erratic

hydroclimatic drifts (e.g. intense precipitation) (Campbell et al., 2011). Therefore,

anthropogenic activities and climate change are jointly responsible for hydrologic

shifts in free-flowing river systems.

Disruption of the dynamic equilibrium of natural flow regimes has a visible

impact on the geomorphic asset of the river and the ecological services offered by

river biomes. Hence, it is important to design works that alter the flow regime to

mitigate their impact on the riverine ecosystem services. For instance, tracking

the response of different ecological indicators to river flow alterations may help

to detect possible early warning signals and hence prevent future hydrological

shifts (Vigiak et al., 2018). Several studies have proposed a qualitative analysis

of the ecological response of different taxonomic identities towards different types

of flow alterations (e.g. Bunn and Arthington, 2002; Poff and Zimmerman, 2010).

However, tracking ecologic indicators and their feedback to hydrologic stressors is

not an easy task. Ecological indicators are in fact scattered across environments

characterized by different spatial and temporal scales, and may also be influenced
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by local environmental conditions (Lloyd et al., 2004). Furthermore, accurate

forecasting of the effects of flow regime shifts is further hindered by the fact that

flow regime alterations may not systematically occur as a direct consequence of

landscapes and climatic drifts, towards which flow regimes exhibit a certain level

of resilience (Botter et al., 2013). In such cases, qualitative ecological indicators

are unable to respond immediately to ecosystem change. Consequently, it is

important to combine qualitative ecological investigations with analytical models,

which use measurable indexes to provide a continuous signal of the ecosystem

state in response to flow regime shifts, in order to plan suitable mitigation

strategies for water resources management.

5.1.1 Ecological and geomorphological impacts caused by

river dam regulation

Dams are the most obvious disruptor responsible for altering the natural flow

regime of a river (Poff et al., 1997). After a river is dammed, its flow magnitude

and frequency characteristics dramatically change, and seasonal patterns of water

discharge evolution can vanish being replaced by persistent low flow periods

disrupted by a few high flow peaks (Magilligan and Nislow, 2005). The onset of a

low flow regime also has a direct effect on the groundwater table dynamics, which

is also subjected to level drops (Williams and Wolman, 1984). As a result of dam

installation, riverine biota communities, which rely on and are synchronized with

certain patterns of water and nutrient availability, have to develop new strategies

to adapt to the new water stress regime (Lytle and Merrit, 2004). Reduced

flood flows create stagnant pools and limit connectivity with other floodplain

areas. This hinders the existence of pathways for dispersing organisms (Kondolf

et al., 2006; Naiman and Decamps, 1997), and reduces the mobility of aquatic

animals and their ability to have access to adjacent habitats. Water stratification
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in reservoir upstream of a dam lowers the level of dissolved oxygen, which can

induce anaerobic reactions that may promote release of ammonia and hydrogen

sulfide (Canter, 2018). Eutrophication is another common biogeochemical process

that affects reservoirs. Eutrophication occurs as a result of influxes of nutrient

salts (such as nitrogen and phosphorus), which increase the proliferation of algae

and aquatic plants (Bergkamp et al., 2000). Low oxygen levels, together with

eutrophication and increased sediment concentration can induce a higher rate

of turbidity, and alter water quality at the expense of many species (Hwang

and Jeong, 2006). High water turbidity, in turn, inhibits plankton growth and

reduces the amount of light penetration, thus damaging the aquatic food web

and decreasing the rate of plant photosynthesis (Bergkamp et al., 2000).

The high rate of sediment retention upstream of the dam affects sediment

transport and deposition processes downstream of the dam (Da-Chuan et al.,

2008; Maingi and Marsh, 2002). Downstream sediment deprivation may impact

on river physical processes; this may include reduction in the formation of river

meanders (Johnson et al., 1976), constrained channel migration, and accelerated

mechanisms of bar deposition and delta subsidence (Li et al., 2017). When the

sediment inflow is interrupted by a dam, the sediment-carrying capacity of the

river drops, leading to reduction in the bankfull width of the river and incision

and entrenchment of the channel (Brandt, 2000; Gurnell et al., 1994). These

geomorphic transformations of the river can have negative repercussions on the

ecological status of base flow stream habitats (Shields et al., 1994) and promote

disconnection between the channel and the floodplain (Wohl, 2004).

Hence, after a dam closure, the river system goes through a relaxation period

- the ‘transient phase’ (Petts, 1987) - of physical and ecological adjustment that

lasts until a new dynamic equilibrium is reached. According to Petts (1987), the

timescales of the ‘transient phase’ depend on several factors (e.g. channel type

and the mobility of the channel boundary sediment) and can even reach hundreds
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of years (Petts, 1984). Moreover, after the introduction of dams, habitats are

not only affected by alterations to water quality and runoff discharge but also by

the presence of a physical barrier that impedes the movement of organic matter,

nutrients, and even blocks migration routes for certain habitat features causing

fragmentation of the habitat (Matzinger et al., 2007; Porto et al., 1999).

5.1.2 Response of riparian vegetation to dam impound-

ment

The drastic change in flow regime brought about by the impoundment of a river

also has significant implications for the dynamics of the downstream riparian

vegetation. In general, vegetation dynamics and rejuvenation are strongly modu-

lated by the seasonal pattern of the hydrological cycle. However, the onset of

dam-induced low-water periods causes intense encroachment of riparian vegeta-

tion to occur on the former banks and bed of the channel, thus further promoting

river narrowing and incision (Gordon and Meentemeyer, 2006; Hadley and Em-

mett, 1998; Shafroth et al., 2002a). This inhibition of river morphodynamics

also promotes vegetation colonization and stabilization of bars (OHare, 1995).

However, the increase in downstream vegetation abundance is accompanied by

low species diversity, mainly because certain riparian species are incapable of

adapting to lower groundwater levels encountered in such hydrological conditions

(Magilligan et al., 2003; Osterkamp et al., 1998; Wyżga et al., 2016).

The survival of the plants depends on their ability to deepen their roots to

reach the new water table level, causing the below-ground biomass to become

more concentrated at greater depths (Gorla et al., 2015). Hence, physiological

and biochemical adaptions of the root system to water availability stresses

determine vegetation encroachment and survival (Ravanbakhsh et al., 2017). The

establishment of vegetation during a post-dam period is also fostered by reduced
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plant removal due to uprooting by flow (Perona et al., 2009). Plants, besides

being subjected to less frequent flood disturbances, can increase their resilience

to uprooting in the inter-arrival time between events of large return periods,

thus reducing their probability to be washed away. The development of deeper

roots was found to influence the ability of a plant to withstand erosion processes

and increase the plant survival probability with respect to flow-induced plant

uprooting (Docker and Hubble, 2008; Pasquale et al., 2014; Pasquale et al., 2012;

Pollen and Simon, 2005; Simon and Collison, 2002). Hence, the plant rooting

depth can serve to enhance riparian ecosystem resilience to pressures such as

hydrological alterations and flow erosion processes.

Many sources in the literature have confirmed the occurrence of a phenomenon

of intense vegetation establishment in the downstream area of a dam. Choi et al.

(2005) found that the greatest establishment of vegetation (willow communities)

on previously active bar surfaces was strongly related to riverbed degradation after

a dam was constructed in the Hwang River. Friedman et al. (1996) and Burkham

(1972) observed that the formation of in-channel benches was linked to the

growth of woody riparian vegetation. By analysing sequences of historical aerial

photographs, Gordon and Meentemeyer (2006) found a substantial contraction

occurred in bankfull width, along with increased vegetation coverage (72%),

during the post-dam period in Dry Creek, USA. Allred and Schmidt (1999) and

Grams and Schmidt (2002) found that channel narrowing of the Green River,

USA, was followed by tamarisk species colonization. Schumm (1969) reported a

drastic reduction in channel width from over 1200 m to 46 m of the Green River

below the Flaming Gorge Dam, associated with the establishment of trees.

The percentage of vegetation in the floodplain was also found to depend on

the channel type, as exemplified by the Missouri and Platte Rivers (Johnson,

1998). These cases provide examples of the very different ways in which veg-

etation responds and adjusts after dam impoundment. Braided rivers show a
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remarkable increase in pioneer woodland compared to meandering rivers that do

not exert influence on floodplain vegetation coverage, mainly because of the lack

of point bars. Therefore, different river geomorphological patterns can lead to

two opposing feedback mechanisms in terms of floodplain vegetation coverage

(Johnson, 1998). A similar event to that of the Platte River has been documented

for another briaded river: the Maggia River in Switzerland. A series of aerial

photographs of the Maggia floodplain taken during and after dam construction in

1953 have facilitated monitoring and analysis of the evolution of the vegetation

distribution in the floodplain of the river. Image analysis revealed a strong

increase in floodplain forest and successive vegetation coverage from herbaceous

vegetation to softwood and hardwood plants (Molnar et al., 2008; Perona et al.,

2009). Increases in riparian vegetation following the construction of a dam have

been confirmed in the literature by other authors (Erskine, 1985; Fergus, 1997;

Graf, 2006; Williams and Wolman, 1984).

In short, it is clear that riparian vegetation is one of the most sensitive

biotic factors to hydrological alteration and can be considered a good indicator

of ecosystem change caused by dam operation (Nilsson and Berggren, 2000).

Hence, understanding the response of plant roots to anthropogenic and natural

disturbances is fundamentally important in terms of ecosystem restoration and

management.

This Chapter presents a model that enables us to examine and explain how

riparian ecosystems respond to alterations of the hydrologic regime caused by dam

disruptions. The model provides the uprooting probability of the downstream

riparian vegetation at a point and permits examination of the steady-state

evolution of the ecosystem between pre- and post-dam scenarios. The model

also offers a means for analysing the possibility of the system recovering to its
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original state if the natural flow regime is re-established, and identification of

the conditions for which this can occur. In addition, the role played by roots in

the regime transition is thoroughly examined. Finally, in Chapter 6, the model

is applied to a real case scenario, where dam impoundment has had a severe

impact on the dynamics of riparian vegetation communities.

5.2 Modelling ecomorphodynamic state transition

in response to natural flow regime shifts

5.2.1 Uprooting probability as an ecosystem state

Root depth and root configuration exert direct control on the probability of plant

removal by flow-erosion processes (e.g. see Chapter 3 and Section 5.1.2). This

suggests that uprooting probability can be used as a proxy variable to represent

the ecosystem state and its evolution between the pre- and post-dam scenarios.

As discussed in Chapter 3, the uprooting probability can be given by time

integration of the probability density function (equation 3.21), and is repeated

below:

pτ (T ) =
Le

2
√
πG(T )3

e

(
− (Le−V (T ))2

4G(T )

) [
gt(T )

2
+ e

(
(Le+V (T ))2

4G(T )

)
W (T )

]
(5.1)

To evaluate equation 5.1, it is necessary to have information on the scour

depth, Le, the deterministic and stochastic components of the erosion process,

V (T ) and G(T ), and the functionW (T ). However, these parameters are unknown

as they are directly linked to the plant properties and to the erosion process

dynamics. To address this issue, the model of Perona and Crouzy (2018) is

coupled with other existing models and approaches. In particular, the scour

depth is calculated by implementation of a combination of the model of Tron

et al. (2014) and the free-body model developed in Chapter 3. The time integral

134



V (t) is expressed using the probabilistic approach used by Calvani et al. (2019b).

Likewise, the remaining terms, G(t) and W (t), are computed once the stochastic

component of the erosion process, gt, has been determined.

The approach used in the present model is mostly stochastic, whereas its

treatment is analytic at almost every step. Hydrologic variability is addressed

using Compound Poisson Process (CPP) and Peak Over Threshold Theory (POT)

methods. The first method is used to generate synthetic hydrologic signals for

the pre- and post-dam states. The second is used to assess the mean flow erosion

event above a certain threshold at which plant uprooting occurs.

Although the Peak Over Threshold is one of the most common approaches

used in hydrology for the analysis of extreme events, its key points are illustrated

in Appendix D.

In order to make the derivation of the model easier to follow, the following

paragraph uses a step-by-step approach to outlines the model structure.

5.2.2 Model structure and implementation

Figure 5.1 illustrates the procedure used to implement the model step-by-step.

1. CPP of the water discharge time series

In order to proceed analytically, the first step consists in generating the hydrologic

signals (of the pre- and post-dam periods) using a Compound Poisson Process

(see Figure 2.13), already discussed in Chapter 2. The evolution equation for the

flow rate variable Q is:
dQ

dt
= ζ(t)− Q

τd
, (5.2)

where t is time, and τd is the integral temporal scale obtained by solving the

integral of the autocorrelation function of Q, and ζ(t) is white shot noise of mean
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Figure 5.1: Diagram illustrating the main computational steps of the model.

intensity γd and rate of accuracy λd. The probability distribution of Q is:

p(Q) =
1

QΓ[βd]
e(−Q/γd)

(
Q

γd

)βd
, (5.3)

where βd is the product between λd, the mean rate of the pulses, and τd.

2. Compound Poisson Process for water stage time series

In order to derive the steady-state of root profile using the model of Tron et al.

(2014), it is necessary to know the PDF of water stage (see equation 2.4), whose

solution requires knowledge of the γl and βl parameters, which are analogs of γd

and βd for the water stage series (see also Section 2.5).
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In the event that the water level data series is not available, the Chézy equation

provides an effective way to extrapolate the rating curve to obtain the fluctuations

of the water stage from the flow rate. The non-linear transformation between

water discharge and water level does not allow the properties of the Compound

Poisson Process (CPP) to be satisfied also for the water stage. However, when

the effect of the distortion of the signal is negligible, then the resulting time

series and its statistical distribution can still be approximated with a CPP.

3. Defining the grain size distribution

Soil texture is another important input parameter used in computing the root

biomass profile in the soil. It is sufficient to know the values of D10 and D90, as

these parameters enable assessment of the ‘optimal root-growth zone’, Lg of the

model of Tron et al. (2014). Given the sediment retention capacity of a dam, a

change in grain size distribution must be expected to occur between the pre- and

post-dam scenarios (Yang et al., 2014).

4. Setting the position of the plant on the riverbank

The position of the plant along the riverbank, ηv, is another input parameter

required for computation of the root profile and plant uprooting probability. It

is convenient to express the position of the plant in terms of elevation above

the riverbed. Once the soil texture is known, it is then easy to compute the

maximum depth that can be reached by the roots, zm, from the soil surface (see

Figure 5.2).

5. Determining the threshold value ξ

Peak Over Threshold Theory (POT) provides an estimate of the distribution

of values of a hydrologic series that exceed a certain fixed threshold value ξ.

Following the approach of Calvani et al. (2019b), POT is here used to estimate
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Figure 5.2: Sketch of a generic river section. The plant on the riverbank is located at

an elevation ηv vertically above the riverbed. zm is the maximum depth reached by

the roots from the soil surface at the plant location.

the mean value of erosion rate able to induce uprooting of vegetation. However,

the first step necessary to implement POT is to assign a value for the threshold

ξ. In this case, it is assumed that the value of ξ coincides with the water stage

at the plant elevation level. In this way, uprooting by flow at a given location

can only occur for all flooding events that reach or exceed that location, i.e. for

values that lie above ξ (see red part of the signal in Figure 5.3). For values of

Q below ξ, the plant is not subjected to flow drag or erosive action, and so the

probability that the plant is uprooted by flow-erosion processes is equal to zero.

Note that the assumptions used here differ from those used by Calvani et al.

(2019b), who considered the erosion event to be represented also by the falling

limb of the signal included between ξ and Qcr. This approach is not implemented

here because it would lead to an overestimate of the uprooting probability at

specific locations.

6. Computing the mean erosion rate

Following Calvani et al. (2019b), the mean erosion rate is the value computed

for the reference mean event, Qξ(t), which is the statistical average of all events

in the temporal series that exceed the threshold ξ (Figure 5.4).
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Figure 5.3: Setting of threshold ξ to implement Peak Over Threshold Theory for

the Compound Poisson Process time series. The red portion represents flow events

that may lead to plant uprooting by flow. The lower horizontal line represents the

critical flow discharge for incipient erosion Qcr. The upper horizontal line represents

the threshold value ξ, which coincides with the plant elevation ηv.

The reference mean event is expressed as follows:

Qξ(t) = Q0(ξ)e−t/τ1 , (5.4)

where Q0(ξ) is the peak event occurring at time t (see Figure 5.4a) and τ1 is the

integral temporal scale of the reference mean event and is equal to:

τ1 =
−T+

ξ

ξ
Q̄q>ξ

+W−1

[
−ξ
Q̄q>ξ

e−ξ/Q̄q>ξ
] (5.5)

where W−1 is the second limb of the Lambert function (Corless et al., 1996) and

Q̄q>ξ is the average flow discharge above ξ:

Q̄q>ξ =
µd
βd

Γ[1 + βd, φ]

Γ[βd, φ]
(5.6)

where µd is the average flow discharge in the Poisson process: µd = γdβd, φ is the

ratio between ξ and γd, and Γ[·, ·] is the upper incomplete Gamma function. T+
ξ

139



is the upcrossing time (the time average over which the signal is above ξ). The

formulation of T+
ξ is known in a closed form (Laio et al., 2001), which reads:

T+
ξ =

1

λd
1F1[1; 1 + βd;φ]

Γ[βd, φ]

Γ[βd]− Γ[βd, φ]
(5.7)

where 1F1[·; ·; ·] is the confluent hypergeometric function of the first kind.

Once the reference mean event has been assessed, it is possible to compute

the respective erosion rate η̇(t). The erosion rate can be obtained by combining

the time-varying flow discharge to the 1D-Exner equation and sediment transport

relationship (Meyer-Peter-Müller type formula) (Calvani et al., 2019b). The

sediment transport relationship reads:

Qs = αBL(τ ∗ − τ ∗cr)bD50

√
ρg − ρw
ρw

gD50B, (5.8)

where αBL is the coefficient in the bedload formula, τ ∗ is the dimensionless bed

shear stress, τ ∗cr is the critical Shields parameter, b is the exponent in the sediment

transport formula, D50 is the median grain size of the riverbed sediment, and B

is the width of the river. The Exner equation reads:

∂η

∂t
= − 1

(1− λg)B
∂Qs

∂x
, (5.9)

where η is the riverbed elevation, λg is the sediment porosity, Qs is the sediment

discharge, and x is the coordinate in the streamline direction.

By considering the difference in sediment transport fluxes between two consec-

utive sections
(

∆Q
∆X

= 1
∆x

∫ 2

1
dQs

)
and assuming a condition of net bed erosion,

the upstream sediment discharge becomes negligible (Perona and Crouzy, 2018)

and equation 5.9 reduces to:

η̇(t) =
1

(1− λg)B∆X
Qs, (5.10)

where ∆x is the longitudinal scale along the river where bed erosion takes place

(Calvani et al., 2019b).
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By combining equation 5.8 with equation 5.10 it results:

η̇(t) =
1

(1− λg)∆X
αBL(τ ∗ − τ ∗cr)bD50

√
ρg − ρw
ρw

gD50. (5.11)

The dimensionless bed shear stress, τ ∗, can be expressed as follows:

τ ∗ =
ρwgRHS

ρwgD50(ρg−ρw
ρw

)
, (5.12)

where RH is the hydraulic radius.

As RH is related to the flow rate Qξ(t) through the Gauckler-Manning formula:

RH =

(
Qξ(t)

A
√
SKs

)3/2

, (5.13)

equation 5.11 becomes:

η̇(t) =
1

(1− λg)∆X
αBL


(

Qξ(t)

A
√
SKs

)3/2

S

D50(ρg−ρw
ρw

)
− τ ∗cr


b

D50

√
ρg − ρw
ρw

gD50, (5.14)

where Ks is the Strickler coefficient and A is the wet cross sectional area of the

river.

Note that, for a wide rectangular river cross-section, the expression of 5.14

reduces to the one illustrated in Calvani et al. (2019b). Figure 5.4a shows the

trend in average erosion event η̇(t) with time.

7. Assessment of erosion depth that determines plant uprooting by

flow

To obtain the scour depth, Le (see Figure 5.5), it is necessary to combine the

free-body model of Chapter 3 with the model of Tron et al. (2014). To achieve

this, values are required for the proportionality constant, am, that links the total

root length Lr (which is needed for the computation of the drag forces) to the

biomass density of the root profile, and the coefficient av that accounts for the
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Figure 5.4: Reference mean event Qξ(t) (red line) and erosion event η̇(t) (bue line)

as functions of time. a) Reference mean event Qξ(t) and related bed erosion rate η̇(t)

for a given threshold ξ. b) Sequence of events, generated by a CPP, that lie above

threshold ξ. The statistical average of all the events shown here is the mean reference

event (red line) (modified from Calvani et al., 2019b).

dependence between Lr and the plant species (Cannon, 1949). This implies that

different plant species yield different Lr for equal hydrologic conditions.

Once the value of av has been assigned, the value of am can be obtained by

solving the following equation:

am =
Lr

av
∫ zm

0
r(z)dz

(5.15)

where integral
∫ zm

0
r(z)dz expresses the root biomass density underneath the

vertical root profile r(z), and Lr is the total rooting length that is obtained by

solving the balance (equation 5.16) between the pullout law and the drag forces

acting on the plant:

1

2
CDρwu

2An +
1

2
Cfρwu

2(As + Af ) +
1

2
Cfρwu

2πdr(Lr) = Fp(Lr) (5.16)

Note that equation 5.16 can be solved once the pullout law, the geometric

properties of the canopy, the flow velocity, the drag and the friction coefficients

have been determined. With am evaluated, Le is readily determined by solving:

Le,t = am

∫ Le

0

r(z)dz (5.17)
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where Le,t is the exposed total root length, obtained by subtracting the total

critical rooting length from the total rooting length of the plant:

Le,t = Lr − Lc,t (5.18)

where Lc,t is obtained in the same way as Lr:

1

2
CDρwu

2An +
1

2
Cfρwu

2(As + Af ) +
1

2
Cfρwu

2πdr(Lr − Lc,t) = Fp(Lc,t) (5.19)

Figure 5.5 illustrates the link between Le,t and the Le for two different vertical

root profiles.
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Figure 5.5: Illustration of the scour depth Le for two different root profiles. a) Marked

development of root biomass close to the soil surface. The total root length exposed

that corresponds to Le is labelled as Le,t. b) Root biomass highly concentrated in

depth. The amount of total root length exposed is therefore lower than in a) even

though the erosion depth is larger.

8. Fluctuations in the erosion process

The final term required to integrate equation 5.1 is G(t), the time integral of gt.

In developing their model, Perona and Crouzy (2018) assume that the erosion

process occurs following a Gaussian diffusion with drift (Ornstein-Uhlenbeck
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stochastic process, Uhlenbeck and Ornstein (1930)), where the diffusion coefficient

is: D(t) = gt(t)/2, which, for the sake of simplicity, is assumed constant with

respect to time: D = gt/2. This expression for the diffusion coefficient is well

known from Einstein’s theory of diffusion (Einstein, 1905). Einstein (1905) relates

D to the smallest fluctuations influencing the process and to the time over which

such fluctuations take to manifest, i.e.:

D =
δ2

2t
(5.20)

where δ is the vertical jump of a particle. Rearranging:

gt = 2D =
δ2

t
, (5.21)

For the layer of well packed spheres of mean diameter D50, shown in Figure 5.6,

t can be taken as the time a particle takes to free its space such to generate a

vertical jump δ. So, t can be expressed as:

t =
D50

8.5u∗
(5.22)

Equation 5.22 is obtained under the assumption that the particle has a longitu-

dinal velocity equal to that of the fluid at vertical elevation y = ks = D50, where

ks is the equivalent grain roughness size. The term 8.5u∗ derives from the the

classic logarithmic expression of the velocity profile: ū
u∗

= 8.5 + 5.75log(y/ks)

(Papanicolaou et al., 2002). So, using equation 5.22, equation 5.21 becomes:

gt =
δ2

D50

8.5u∗
1

= 8.5
δ2

D50

u∗. (5.23)

It remains to link δ to the size of particles mobilized during the process.

Without loss of generality, and assuming that the particles are almost spherical,

it is found that δ = D50 (see Figure 5.6). Hence, equation 5.23 can be simplified

as follows:

gt = 8.5D50u∗, (5.24)

Once gt is has been obtained, the expression for pτ can be finally implemented.
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Figure 5.6: Longitudinal velocity profile of a particle, and similarity between the

spatial scale of a particle and its median size D50.

9. Calculation of uprooting probability distribution Pτ

Given that the variables needed to solve equation 5.1 are now available, the up-

rooting probability, Pτ , is determined by solving the time integral of equation 5.1.

Table 5.1 lists the model input parameters.
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Table 5.1: Model input parameters.

Input parameters

γd mean height of the pulses of the discharge signal [m3]

λd mean interval between the pulses of the discharge signal [days−1]

τd autocorrelation time [days]

γl mean height of the pulses of the water level signal [m]

βl ratio between λl and ηl [-]

ξ threshold flow discharge [m3]

B river width [m]

A wet cross sectional area of the river [m2]

RH hydraulic radius [m]

u flow velocity [m s−1]

Ks Strickler coefficient [m1/3s−1]

S riverbed slope [-]

ρg sediment density [Kg m−3]

λg sediment porosity [-]

∆X longitudinal length scale of bed erosion [m]

αBL coefficient in bedload transport formula [-]

b exponent in sediment transport formula [-]

τ ∗cr critical Shields parameter [-]

gt erosion process noise [m2 days−1]

D10 grain size value corresponding to cumulative size distribution at 10% [m]

D90 grain size value corresponding to cumulative size distribution at 90% [m]

D50 grain size value corresponding to cumulative size distribution at 50% [m]

Cd drag coefficient [-]

Cf friction coefficient [-]

dr root diameter [m]

As total surface area of the stem [m2]

Af total surface area of the foliage [m2]

An projected area of the plant in the flow direction [m2]

Fp(L) pullout law [Kg m s−2]

ηv elevation of the plant with respect to the riverbed [m]

av coefficient of plant species [-]
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5.2.3 Expected results

Before considering a real case study, it is worth examining application of the

model to the transition a river undertakes after an hydrological shift. Figure 5.7

presents a sketch illustrating the main features of the model output. The plot

is purely conceptual; the application to real data will be presented in the next

Chapter. Figure 5.7 summarises the different regime transitions that are expected

to occur when a river is dammed. The plot presents curves relating the ecosystem

state (uprooting probability) against the driver, ∆H = ηv − µl, where ηv is the

plant elevation and µl is the mean value of the water stage. In Figure 5.7, three

different solid curve segments can be detected. The curve segment that links

P1 to P2 represents the regime shift that the system undergoes after the dam

is constructed. Whereas P1 stands for the equilibrium of the system under the

natural flow regime, P2 represents the unstable equilibrium that the system

reaches just after the abrupt shift in hydrology. In P2, the ecosystem has not

yet adapted to the altered flow regime, because the plants have not yet changed

their below-ground biomass configuration. This state is therefore representative

of the start of the ‘transient phase’ (Petts, 1987), which slowly brings the system

to a new equilibrium state in P3. When the state is in P3, the ecosystem has

finally adjusted to the post-dam hydrologic regime, because the root biomass

has shifted deeper into the soil. The curve between P1 and P3 represents steady

state equilibrium points due to a quasi-static transformation. In other words,

this segment of the curve can be compared to quasi-static processes occurring in

thermodynamics, where the system remains in internal equilibrium.

The availability of time series for discharge and water stage covering both

pre- and post-dam periods enables computation of the uprooting probability

for the respective ecosystem equilibrium states, P1 and P3. However, to be

able to represent the steady-state transition of the system, it is essential to vary
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the parameters γd, λd, and τd. Given that the growth rate of these parameters

is unknown, a simple, linear relation can be assumed. The reverse regime

describes the transition between P3 and P4, during which time the system

exhibits hysteresis in response to the reversal of the hydrologic regime. However,

the ecosystem state is not significantly affected by this alteration because the roots

are resilient to a reverse change. This explains the occurrence of an irreversible

state between P4 and P1. Hence, if the dam were to be removed, the vegetation

coverage and community would not be much affected, leading to a long-term

impact on vegetation succession (Hobbs et al., 2009). Furthermore, intensive

establishment of mature vegetation during the post-dam period increases the

stability of the riverbanks, thus also making it difficult for the river morphology

to reestablish its natural pattern (Shafroth et al., 2002a). Therefore, restoration

of the vegetation pattern and coverage of the pre-dam period can be achieved by

the occurrence of an unquantifiable flood or by the intervention of deforestation

and river restoration. Only in this way it is possible to bring the system back to

its pre-existing equilibrium.

Figure 5.7: Detailed sketch of the different regime transitions of the ecosystem state.
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Chapter 6

Application of the model to a case

study

6.1 The Maggia River floodplain

The Maggia River is a gravel-bed stream located in the Canton of Ticino, in

the southern rim of the Swiss Alps (Figure 6.1). Its springs are located near

the Cristallina mountain and the river flows through Sambuco, Lavizzara, and

Maggia Valleys before merging into Lake Maggiore to form a delta. The river

has three main tributaries: Lavizzara, Bavona, and Rovana. The Maggia River

basin covers a surface area of 592 km2 at an altitude ranging between 200 and

3300 m.a.s.l.

The hydrological regime of the Maggia basin can be described as glacial-nival-

pluvial with a typical snowmelt peak in June. Snow precipitations during the

winter and the partial melting of the glaciers of Basodino and Cavagnoli during

the summer contribute to the hydrological variability of the river. The steep

slopes and the geologic composition of the valley (granite and gneiss) lead to

a rapid catchment response to fast and intense surface runoff. The floodplain

of the main valley is characterized by the presence of large gravel and sand

(Ruf, 2007). The most interesting part of the Maggia valley is located between

Riveo and Giumaglio (Figure 6.2). Here, the total surface area covered by the

floodplain is about 58 km2 and the river strait is approximately 3 km long.
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Figure 6.1: Location of Canton Ticino and Maggia Vally in the Southern part of

Switzerland. Canton Ticino is represented by the light blue area on the map. The

study area (Maggia Valley) is indicated in dark blue (modified from Foglia et al., 2004).

This braided area of the river is particularly active from the geomorphological

point of view, given the presence of intense interaction dynamics between flow

processes and vegetation. This reach is equally interesting for its response to

the impoundment of the river by the large hydro-power system put in place in

1953 (Molnar et al., 2008). The installation of 8 artificial reservoirs and a lack of

sustainable construction operations caused the reach almost to dry out.

The river alterations induced a sudden change in magnitude and interannual

variability of the streamflow. Comparing the pre- and post-dam hydrographs in

Figure 6.3, it can immediately be seen that in the post-dam hydrographs the

seasonal component disappears giving way to a base flow that is interrupted by

occasional flow peaks. The consequent drop of groundwater to a critical level

and the reduction in sediment supply have stimulated vegetation encroachment,

thus interrupting the preexisting balance between vegetation destruction and

regeneration. In the post-dam period, vegetation growth was found to be mostly

reliant on groundwater and lateral hillslope fluxes (Ruf, 2007).
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Figure 6.2: Braided reach of the Maggia river between the villages of Riveo and

Giumaglio.

Figure 6.3: Hydrographs showing the daily streamflow at Bagnasco station: a) pre-

dam period (1929-1953); b) post-dam period (1954-1977); and c) post-dam period

(1978-2007).

151



In the pre-dam period, the vegetation coverage comprised a typical spatial

arrangement of riparian species, where tolerance to inundation, erosion processes,

and soil texture are driving factors inducing plant species distribution. According

to Bayard and Schweingruber (1991), in the pre-dam period, the riverbed areas

and the embankment zones close to the river where the gravel sediments are

dominant, were populated by sagebrush and willows. Sandbanks, as well as high

waterfronts of the river islands, were covered by softwood species dominated by

the following types of willow bushes: lavender willow (Salix elaeagnos), purple

willows (Salix purpurea) and black poplars (Populus nigra). Low sandbank areas

were covered by gray alder bushes. Irregularly flooded river terraces and areas

further distant from the banks were populated by hardwood species such as

small-leaved lime trees (Tilia cordata), common oaks (Quercus robur), and ash

trees.

The availability of aerial photos in different years (1933, 1944, 1962, 1977,

1978, 1989, 1995, 1999, 2001, 2004, and 2006) allowed investigation of the long-

term impact of vegetation dynamics on river morphodynamics, thus documenting

the evolution of vegetation. The georeferentiation of the photographs enabled

classification of vegetation according to their type: grass, shrubs, young trees

and old trees (Figure 6.4). A general comparison between the aerial photographs

of the Maggia floodplain in 1933 and 2006 (Figure 6.4), shows an intense change

in the spatial distribution pattern of the vegetation (Favre, 2004; Sturzenegger,

2005). In 2006, a higher percentage of vegetation at the high stage level can be

detected compared to 1933. The herbaceous surfaces that used to characterize

the sandbanks in the pre-dam period (Figure 6.4a) have become a wood surface in

Figure 6.4b, which corresponds, intuitively, with non-alluvial areas. Furthermore,

areas watered by the river decreased noticeably after 1933. New vegetation

that colonized the river floodplain in the pre-dam period (herbaceous plants)

contributed to populate the mature vegetation patch, mostly characterized by
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softwood and hardwood forest (Ruf, 2007). Meanwhile, pioneer plants used to

colonize the floodplain after flooding events have disappeared or evolved to more

mature alluvial ligneous plants. Bearing this in mind, it is interesting to examine

the overall ecosystem transition between pre- and post-dam system, from the

perspective of the evolution of the plant uprooting probability due to flow erosion

processes.

Figure 6.4: Vegetation classification mapped from aerial photography of the braided

area between Riveo and Someo. The different shades of green and brown color represent

different types of vegetation. Areas covered by sediment and water are colored in light

blue and blue, respectively. (Based on Savina et al., 2008).

6.2 Input Parameter Values

Compound Poisson Process parameters

Flow discharge time series for the pre- and post-dam periods were reconstructed

using historical daily streamflows recorded at the Bignasco station located

upstream of the braided reach of the river. Figure 6.3 shows the flow rate

time series. The pre-dam hydrograph commences in January 1933 and ends in

December 1953 (see Figure 6.3a). The post-dam hydrograph refers to the period

between January 1954 and December 2007 (see Figures 6.3b and 6.3c). The
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mean flow rate is 16.50 m3/s in the pre-dam period, and reduces to 4 m3/s in

the post-dam period. Table 6.1 lists the representative hydrological parameters

for the pre- and post-dam states. It can be seen that the mean flow discharges of

the CPP signals, µd, coincide with the average values of the actual hydrographs.

Due to the lack of water stage series, the variation in water level was estimated

using the Chézy equation. Table 6.1 lists values of the mean depth and rate of

the water level pulses for both scenarios.

Table 6.1: Values of parameters defining Compound Poisson Process of flow discharge

and water levels at Bignasco Station, Maggia River, Switzerland.

Parameter Pre-dam Post-dam

γd 23 50

λd 0.22 0.05

τd 3.31 1.60

γl 18.70 46.70

βl 1.97 0.19

Furthermore, from Table 6.1, it appears that switching between the hydrologic

signals before and after dam impoundment led to a decrease in τd and λd and an

increase in γd. This is confirmed by comparing the hydrographs in Figure 6.3,

where, in the post-dam case, the flow peaks have higher intensity and occur with

a lower frequency. In other words, during the post-dam period, the hydrologic

events have become less correlated, more infrequent, and larger. Figure 6.5

also shows the similarity achieved between corresponding portions of the CPP

signal and hydrograph (extracted from Figure 6.3). It is evident that the signal

generated from a CPP can simulate the overall characteristics of real hydrology.

Even so, it should be emphasized that the CPP cannot simulate the hydrologic

seasonality. Therefore, for the pre-dam case, the artificial signal is not always
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able to reproduce the actual time series.
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Figure 6.5: Comparison between real and artificial flow rate time series, Q, for: a)

the pre-dam period in the year 1948, with the CPP signal obtained by assigning γd=23

m3, λd=0.22 days−1, and τd=3.31 days; and b) post-dam period in the year 1981, with

the CPP signal obtained by assigning γd=50 m3, λd=0.05 days−1, and τd=1.60 days.

The CPP parameters for the flow discharge in Table 6.1 are only representative

of the conditions of the ecosystem equilibrium. Hence, as mentioned previously, in

order to represent the steady-state transition between the two extreme scenarios,

γd, λd, and τd are prescribed to vary linearly. This differs from the parameters

of the water stage, which were instead computed at each equilibrium point by

fitting the probability density function of the water stage.

Channel geometry and hydraulic parameters

The cross-section representative of the braided reach of the river was approximated

by a trapezoidal geometry with external angle, αs, equal to 5◦ and a minor base,

B, equal to 50 m (Figure 6.6). The channel slope was set to 5%�, which is within

the range outlined by Ruf (2007).
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The water level in the river was computed by using Engelund’s method for

different values of the Strickler coefficient for the vegetated (Ks,1 = 6) and

non-vegetated part of the river (Ks,2 = 20). The vegetated area coincides with

the riverbanks, whereas the unvegetated area comprises the channel bed.

For the parameter concerning the bed-load transport, the critical Shields

parameter for incipient motion, τ ∗cr, was set equal to 0.03 (Parker et al., 2007).

The sediment porosity, λg, was set to 0.2, the exponent in the sediment transport

formula, b, was given a value of 1.5 following Van Rijn (Van Rijn, 2013), and

the sediment density, ρg, was set to 2600 kg/m3. The coefficient of the bed-load

transport formula, αBL, was set to 3.97 following Wong and Parker (2006). A

representative value for ∆X, which is the erosion length scale, is difficult to

assign. So, following Calvani et al. (2019b), ∆X was assumed to be equal to

6 ·B, which is about the length scale of a bar according to Leopold and Wolman

(1957).

Parameters of soil texture

The grain size distribution of the riverbank soil is unknown. Hence, the values

assigned to D10,s and D90,s are only indicative. Furthermore, given the sediment

retention capacity of the dam, it was appropriate to account for a shift in the

sediment size between the pre- and post-dam periods. The change in the sediment

supply and the resulting decrease in bed mobility downstream of the dam led to

the intuitive assumption that, in the post-dam period, the size of the sediments

increased. Therefore, D90,s and D10,s were prescribed to vary from 0.12 to 0.24

mm and from 0.03 to 0.06 mm between the two states, respectively.

Concerning the grain size distribution of the riverbed sediment, Ruf (2007)

provided a median value for the pebbles, D50,p, which is about 100 mm. The

value of D50,p in the pre-dam scenario was chosen equal to 65 mm, as the real

156



value is unknown. The variation in sediment size was assumed to be linear, as

for the CPP parameters for flow discharge. In the case of the bed material, the

variation in median size of the pebbles was also assigned to drive a variation of

the critical flow rate between the pre- and post-dam period.

Figure 6.6: Regularization of the braided profile of the river.

The input data are summarised in Table 6.2, where values of the remaining

variables (e.g., parameters defining the uprooting law and plant properties) are

also given. It should be noted that the species and the growth stage of the

vegetation were not included in this model. Therefore, the maximum depth that

the root can reach, zm, is not constrained by vegetation type and age and solely

depends on plant elevation, soil texture, and water table level.

The application of the free-body model to represent the flow resistance of more

mature plants deserves some more comments. As seen in Chapter 3, the model

has only been validated on young seedlings. As a result, the model’s applicability

is restricted to the cases of flexible plants, which, at the time of uprooting, adopt

a reconfiguration in the streamline direction. Therefore, this assumption may not

be realistic and should not be used when considering the rigid-structure of large

and woody plants. Rather, in these circumstances, the level of submergence of

the plant and its degree of deflection should be assessed, because the drag force

would predominantly be represented by its normal component (Fd,n). Given the

above considerations, it is worthwhile to mention that the plants in the Maggia

river that are likely to be uprooted are the ones that are still in their intermediate

stage of growth, and thus flexible.

Apart from the information obtained by Bayard and Schweingruber (1991)
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about the main types of plant species populating the banks of the Maggia Valley,

there is no data available about plant allometric relationships, pullout laws and

descriptions about the types of root systems. Given the lack of definite input

values, the free-body model has been applied without revisiting its assump-

tions and sensible values have been assigned to the coefficients and variables of

equations 5.16 and 5.19.

Hence, in this complex context, the dynamics of plant flow interaction has

been set in an idealized framework, in which also the assumptions of the model

of Tron et al. (2014) plays a key role. In fact, the steady-state conditions used in

Tron et al. (2014) assume that the above-ground biomass of the plants does not

change over time. As a result, the surface area of the canopy and its projected

area on the flow direction are constant between the pre- and post- dam scenarios.

Rather, the time development of the plant is taken into account by the pullout

law, for which the increase of anchoring resistance is driven by the growth of the

roots.

As seen in Table 6.2, the pullout law follows a polynomial trend, as such

law was found to be appropriate for plants at a high stage of growth (like

equation 3.19). The drag coefficient, CD, was assigned the representative value of

1, which agrees with what found in Chapter 3 and, on average, with the range of

values found in the literature (e.g. see Vargas-Luna et al., 2015). The value set

for the friction coefficient has a higher value (Cf=3) than the one calibrated in

Chapter 3 according to complex plant geometry (i.e. a higher number of branches

and leaves and their configuration). The surface area of the plant exposed to

flow, As + Af , was given a value of 1 m2, whereas the projected area of the

stem and branches in the flow direction, An, was set to 5·10−1 m2. The average

diameter of a single root was taken to be equal to 3·10−3 m.
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Table 6.2: Input data to the combined model.

Input parameters pre-dam post-dam

B 50 m 50 m

Ks,1 20 m1/3s−1 20 m1/3s−1

Ks,2 6 m1/3s−1 6 m1/3s−1

S 5%� 5%�

ρg 2600 kgm−3 2600 kgm−3

λg 0.2 0.2

b 1.5 1.5

∆X 300 m 300 m

αBL 3.97 3.97

τ ∗cr 0.03 0.03

gt 0.18 m2 day−1 0.18 m2 day−1

D10,s 3.4·10−5 m 6·10−5 m

D90,s 1.2·10−4 m 2.4·10−4 m

D50,p 6.5·10−2 m 1·10−1 m

Cd 1 1

Cf 3 3

dr 3·10−3 m 3·10−3 m

As + Af 1 m2 1 m2

An 5·10−1 m2 5·10−1 m2

ηv 1.2 m 1.2 m

av 1 1

a∗r 0.025 0.025

b∗r 0.6 0.6

∗ coefficients of the static pullout law: Fp = arx
2 + brx
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6.3 Model Ouput

6.3.1 General considerations

With respect to the procedure outlined in Section 5.2.2, it is convenient also to

refer to Figure 6.7, which presents a sketch of the modeling framework. As a

starting point for the discussion, consider a generic plant species positioned on

the banks of the river at an elevation, ηv, equal to 1.2 m above the riverbed. In

Figure 6.7a, the water level is set to a certain elevation h, which is typical of the

natural flow regime of the river before impoundment. This condition is meant

to be representative of the equilibrium state of the ecosystem in the pre-dam

period, which is referred to as P1. Figure 6.7b represents the equilibrium state

for the same plant in the post-dam period, and is indicated as P3. As the water

level has decreased, the root system has adapted to lower groundwater levels by

displacing its biomass towards greater depths, as predicted by the model of Tron

et al. (2014) and recognised in the literature.

Figure 6.7: Sketch of the modeling framework: a) pre-dam state (P1), where h is the

water depth in the river in its natural flow regime, with a shallow root distribution of

riverbank vegetation; and b) post-dam state (P3), where h is the water depth in the

river in its low flow regime, with a deep root distribution of riverbank vegetation.

Figure 6.8 shows the uprooting probability for these two equilibrium states,

P1 and P3, and links the ecosystem state (uprooting probability) to ∆H (which

is expressed as difference between the plant elevation and the mean level of the

water stage, such that ∆H = ηv − µl). In P1, the uprooting probability is about

equal to 88%, whereas in P3 the values of Pτ decreases to about 10%. Such

a decline in Pτ is associated with the change to the root profile of the plant.
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The root profile in the pre-dam system is shallower, exhibiting an oxytropic

response. Conversely, the root profile in the post-dam equilibrium is highly

developed over the depth, suggesting an hydrotropic response to the lowering

water table (Figure 6.9a). This tropic response of the plants is in accordance

with the experimental findings discussed in Chapter 2.

Returning to Figure 6.8, the blue dots connecting equilibrium states P1

and P3 represent the steady-state points resulting from a quasi-static change

in hydrologic conditions between P1 and P3. (This is equivalent to changing

the driver in infinitesimally small steps, giving sufficient time to the system to

adjust). This part of the curve represents the condition at which the root system

progressively adjusts to the progressive lowering of the water stage by changing

its shape and depth (see also Figure 6.9b).

The grey dots, meanwhile, delineate a curved limb that relates to unstable

transient states, in which P2 represents a scenario occurring just after the new

regime has commenced. In P2 the uprooting probability is hardly affected, given

that the root cannot instantly adapt to a sudden drop in water table. However,

P2 is in a condition of unstable equilibrium that eventually leads the system to

reach P3. In other words, the unstable equilibrium point in P2 represents the

start of an ‘adjustment period’, which ceases when the root system of the plant

has reached higher depths according to the position of the water table in the

new regime.

The third curve limb (orange dots) represents the reverse regime, which

is obtained by returning back to the hydrologic conditions starting from P3.

The trajectory of this curve indicates that the system undergoes an irreversible

process, for which it is not possible to restore the initial conditions in P1. In fact,

the uprooting percentage in P4 turns out to be less than half that obtained in

natural flow regime conditions. Hence, the system exhibits a certain resistance to

reestablishing the condition in P1. Moreover, this result suggests that the initial
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state conditions may only be restored by the occurrence of an hydrologic event

of a much larger return period or by the clearance of the riparian vegetation

through deforestation.
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Figure 6.8: Uprooting probability, Pτ , plotted against ∆H, for a plant elevation, ηv,

equal to 1.2 m. The insets show the morphological evolution of the river floodplain in

1933, 1944, 1962, 1995, and 2006.

The model output accords with the four aerial images displayed in Figure 6.8

that show the morphological changes experienced by the riverine system and the

trends shown in Savina et al. (2008).

The image representative of point P1 dates to 1933 and 1944, before the

construction of the impoundment. At this stage, the river was still in its

natural regime, and areas covered by vegetation were confined to the riverbanks

and terraces. The abundance of young vegetation suggests that the uprooting

percentage was particularly high, promoting equilibrium between vegetation

removal and regeneration. The images below point P2 are representative of the

‘transient phase’ of the system, which started in 1953. The first aerial image

shows the morphological condition of the river 9 years after impoundment. The

consequences are already visible a few years later. Water is much less prevalent,
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Figure 6.9: Vertical root profiles for ηv = 1.2 m: a) at pre- and post-dam equilibrium

points; and b) at equilibrium points in and between P1 and P3.

giving space to a wide area of sediment and vegetation. The area of grass has

widely decreased. This is because flood reduction has caused the uprooting

percentage to decrease. In turn, this has encouraged the vegetation to evolve

and reach further maturity. The middle image relates to 1995, and shows a

more marked phenomenon of vegetation development that consists mainly of

an increase in dark green and brown patches (shrubs and trees). On the other

hand, the image from 2006 indicated that the morphology of the river has again

changed. In particular, it can be seen that areas previously covered by sediment

have been taken over by shrubs and forest. It is obvious that the conditions of

the system in 1962, 1995, and (most probably) 2006 were transient compared

to how the system evolved once the equilibrium state had been reached (P3).

Unfortunately the unavailability of a processed aerial image after 2006 has made

it impossible to ascertain whether the system has now reached an equilibrium.

The image relating to P4 is instead reported with a question mark, as this

represents an unknown condition.
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6.3.2 System dynamics

Figure 6.8 raises certain important considerations regarding the type of regime

transition that occurs when a new regime commenced. To improve the clarity of

the foregoing concept, it is convenient to examine the time series of the driver

and ecosystem state.

In Figure 6.10a the shift in driver (hydrology) is manifested through a jump

in the hydrologic signal at the time t∗, which is further stressed by the trend in

averaged flow rate value µd. Here, t∗ is representative of the year 1953, when the

river is dammed. However, Figure 6.10b shows that the ecosystem state, here

represented in terms of braiding index, exhibits a slow progressive change after t∗.

The aerial images provide an overview of the morphological evolution undertaken

by the braided reach of the river, thus complementing the trend of the Pτ - ∆H

curve. It should be noted that the plot was originally obtained by plotting Pτ

against t and by re-adapting the initial value of Pτ (horizontal curve segment),

given that this would undoubtedly cause a discontinuity in t∗. The time lapse

over which the curve decreases is denoted as the ‘relaxation period’ of the system

– the time needed by the ecosystem state to adapt to the new equilibrium. It is

evident that the reaction timescale of the ecosystem state differs from that of the

driver. This is evident in both Figure 6.10a and Figure 6.10b where it is obvious

that the ecosystem state and the driver are not linearly linked. By comparing

these plots with the classification of the regime transitions proposed by Andersen

et al. (2009), an unexplored ecosystem scenario arises. In fact, Andersen et al.

(2009) do not report any case where a direct link does not exist between the

driver and the ecosystem state. Interestingly, the dashed area in Figure 6.10c

provides an indication of the use of resources of the system due to hysteresis.

Such resources can be interpreted as that used by the plants to develop longer

roots and hence adapt to the hydrologic shift, and the effort that the system
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would require to return to the pre-dam equilibrium state.
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Figure 6.10: Differences between driver and ecosystem state transitions: a) Time

series of the driver (flow discharge). Note that the value of the average flow rate, µd,

does not reflect actual values for the Maggia River. b) Time series of the ecosystem

state (braiding index). The aerial images, from left to right, are from 1933, 1944, 1989,

and 2006. c) The graph of Figure 6.8 is repeated to highlight the area (energy) enclosed

by the three curves.
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6.3.3 Role of plant elevation

The curves in Figure 6.8 were produced for a plant elevation of 1.2 m above

the riverbed. Hence, it still remains to observe how the uprooting probability

changes for other plant elevations. Figure 6.11 shows the equilibrium curves

obtained from a plant of elevation varying between 0.8 to 2 m. In this case, the

uprooting probability was plotted against ∆H̃ = ∆H
ηv

. The minimum value of ηv

was set to 0.8 m because lower values of 0.8 m would have led the threshold ξ to

be below Qcr, thus going against the POT assumptions.

From Figure 6.11 it is evident that, at the state points P1 and P3, the

uprooting probability decreases as the plant elevation increases and vice-versa.

This is quite intuitive for the post-dam period, when the plants approaching the

riverbed are those with more chance of being uprooted given the long periods of

low flow conditions. Conversely, plants at higher elevation are only inundated by

sporadic flooding events that cannot be contained by the dam (see Figures 6.3b

and 6.3c). Meanwhile, the same logic can be applied to the pre-dam period, where

plants with higher probability of being stressed by drag forces are inundated also

for low flow conditions occurring in winter periods (see Figures 6.3a).

Figure 6.12a examines the variation in probability of plant uprooting with

plant elevation on the riverbank. Figure 6.12a is particularly useful in illustrating

to what extent the elevation of the plant influences the uprooting percentage at

points P1, P2, P3, and P4. It is clear that the uprooting percentages in P1 and

P3 decrease as the plant elevation increases. The uprooting percentage in P3

decreases more rapidly with the plant elevation than in the pre-dam point P1.

Hence, the low flow conditions of the post-dam scenario have a greater impact

on uprooting probability. The way the percentage varies in P2 (Figure 6.12a)

is closer to that in P1, even though there is a inflexion in the trend at a plant

elevation of 1.5 m. In P4 the percentage also declines, at a rate that is particularly
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Figure 6.11: Uprooting probability, Pτ , plotted against ∆H̃, for a range of plant

elevations between 0.8 and 2 m.

high for plant elevations greater than 1.2 m.

Figures 6.12b, 6.12c, and 6.12d illustrate the differences in uprooting percent-

age, ∆Pτ , obtained between the points P1 & P3, P2 & P3, and P1 & P4 for

different plant elevations. In these cases, the trends for certain traits resemble

a parabola, where plants at different elevations display the same response in

terms of ecosystem shift (Figure 6.12b), adaptation to post-dam equilibrium

(Figure 6.12c), and ability to re-establish pre-dam conditions (Figure 6.12d).

However, it is important to note that these seemingly similar reactions by plants

at different elevations have different causes. This can be shown, for instance, by

comparing Figure 6.12b to Figure 6.12a. For plants located at elevations lower

than 1.3 m, the uprooting probability in P3 decreases much more rapidly than

in P1. The vice-versa is observed in the trend of the uprooting probability for

plants at elevations between 1.4 and 1.7 m, where the rapid decrease in Pτ occurs

in P1.
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Figure 6.12: Uprooting probability as a function of plat elevation: a) Variation in

uprooting probability Pτ with plant elevation on the riverbank in P1, P2, P3, and

P4. Variation in difference in the uprooting probability with plant elevation on the

riverbank for different values of ηv between: b) P1 & P3, c) P2 & P3, d) P1 & P4.

6.3.4 Role of soil parameters

Figure 6.13 represents the same curves as Figure 6.11, the only difference being

that, in this case, the values assigned to D10,s and D90,s are kept constant

between P1 and P3. In other words, this is a scenario that would occur if the

dam had no impact on the sediment supply downstream. Although this might

not happen naturally, it could be expected if sediment continuity was artificially

maintained. Figure 6.13 shows that such change can considerably affect the

uprooting probability. Specifically, Pτ reached higher values in the post-dam

periods than in Figures 6.11 for equal plant elevations. The trends of Pτ in P1

and in P2 (Figure 6.14a) are almost the same as those represented in Figure 6.12a.

However, this is not the case for P3 and P4.

A comparison between Figure 6.14 and Figure 6.12 reveals that maintaining

D10,s and D90,s constant mostly affects the uprooting probability of plants with
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Figure 6.13: Uprooting probability, Pτ , plotted against ∆H̃, for a range of plant

elevations and for constant values of D10,s and D90,s.

elevation lower than about 1.5 m. By maintaining the same soil texture between

P1 and P3, the retention capacity of the soil remains unchanged as well. Hence,

compared to what seen before in Figure 6.11 and Figure 6.12, now in P3 the roots

do not have to propagate towards deeper layers to reach the water table. This

implies that plants can reach the equilibrium point in P3 and approach point P4

more easily. This does not apply equally for plants that grow at higher elevations,

where ∆Pτ appears almost independent of soil texture (compare Figures 6.14a

and 6.14b to Figures 6.12a and 6.12b).

When analysing the uprooting probability at the equilibrium points, P1 and

P3, the respective reference mean events are constant, and so the PDF of the

uprooting times comes to depend solely on the scour depth Le. To examine the

effect of Le on the variation of the uprooting probability, D10,s and D90,s were

varied, as these parameters control the biomass density of the root profile when

γl and βl are constant.
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Figure 6.14: Uprooting probability with plant elevation. a) Variation in uprooting

probability Pτ with plant elevation on the riverbank in states P1, P2, P3, and P4 , while

keeping the value of soil texture constant between P1 and P3. Variation in difference

in the uprooting probability with plant elevation on the riverbank for different values

of ηv and constant values of D10,s and D90,s between: b) P1 & P3, c) P2 & P3, d) P1

& P4.

Figures 6.15 and 6.16 reveal the effect of variation in D10,s and D90,s on the

root profile. An increase in D10,s leads to a decrease in the Lg zone, thus affecting

considerably root density and changing its shape. On the other hand, increasing

D90,s induces a reduction of the capillary fringe thickness, which drives the roots

to reach higher values of zm.

Figure 6.17 shows how the uprooting probability changes when varying D10,s

and D90,s by ±50% with respect to the values used to implement the curves in

Figure 6.8. From Figure 6.17 it emerges that, for both hydrologic conditions,

the uprooting probability rises as D10,s and D90,s decrease. It is also obvious

that the effective particle size impacts more on Pτ than D90,s, especially in the

post-dam period.
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Figure 6.15: a) Vertical root profiles obtained for different values of D10,s and b)

related change in Lg thickness.
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Figure 6.16: a) Vertical root profiles obtained for different values of D90,s and b)

related change in Lg thickness.

Given the substantial influence of D10,s on Pτ , Figure 6.17a was replotted for

two extreme conditions, namely when ηv is equal to 0.8 and 2 m (see Figures 6.18a

and 6.18b). For an elevation of 0.8 m, the minimum difference in uprooting

probability between P1 and P3 reaches 24%. However, for certain values of D10,s,
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this difference reduces further when considering a plant elevation of 2 m.

0 0.05 0.1
0

50

100
P1

P3

0 0.1 0.2 0.3 0.4
0

50

100
P1

P3

Figure 6.17: Variation in uprooting percentage of P1 and P3 with a) D10,s and b)

D90,s (over a range of ±50%) for a plant elevation equal to 1.2 m .
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Figure 6.18: Variation in uprooting percentage of P1 and P3 with D10,s (over a range

±50%) for a plant elevation equal to: a) 0.8 m; and b) 2m.

In conclusion, for a plant elevation of 1.2 m, the variation in fine percentage of

the soil is insufficient to change the overall configuration of the system triggered

by the hydrological shift. However, this conclusion does not apply for the two

extreme plant elevations (0.8 and 2m), for which, in certain cases, the soil texture

parameters are primary factors of influence.

6.4 Overall interpretation and recommendations

The model was validated for a real case scenario concerning the effect of dam

impoundment on a reach of the Maggia river, Switzerland. The model proved
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useful at identifying the regime dynamics of the system. Similar dynamics

have also been documented in the literature. For instance, Auble et al. (2007)

found that vegetation recovery following removal of a dam is complex and does

not follow a reversal response, leading to the necessity for a river restoration

intervention. Another important observation was made by Shafroth et al. (2002a),

who suggested that the persistent occurrence of transient phases after dam

construction has a determinant impact on the duration life of mature vegetation

(e.g. forest), which could persist for even more than a century. In practice,

mature vegetation cannot easily be removed by flow erosion processes. This

conforms with Shafroth et al. (2002a) who found that, in the post-dam period,

trees commonly decay because of anoxia caused by prolonged inundation or the

richness of toxic substances in the soil. Shafroth et al. (2002a) also emphasised

how the removal of dams, especially in systems with low sediment transport,

may result in negligible downstream changes.

Previous analysis has shown that the effective particle size of the fine sediment

plays an important role in uprooting probability (Section 6.3.4). Hence, replenish-

ment of fine sediments could offer a potential way of maintaining the uprooting

percentages of the post-dam conditions at levels closer to those of the pre-dam

conditions. Such a goal could be achieved for instance by inducing artificial

floods, a well-established technique used to reduce river morphological changes

after dam impoundment. In the present application, artificial flooding should be

controlled to ensure that the increase in frequency of peak events would bound

the erosion rate so as to hinder river narrowing and incision, and stream-bank

erosion (Stähly et al., 2019). This strategy could also be adopted to reduce the

accumulation of fine sediment upstream of a dam, whose presence considerably

limits the storage capacity of the reservoir. The input of fine sediment would not

only benefit the shape of the river but also its biodiversity, thus preventing the

riparian system from drifting to alternative states (Arheimer et al., 2018). In
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terms of uprooting probability, the release of flood pulses would enhance scouring

while increasing the percentage of fine sediment that, as observed previously,

raises the likelihood of plant uprooting by inducing a shift in the root profile.

The artificial flooding strategy appears to be the most promising in terms of

effectiveness compared to alternative approaches, such as sediment bypassing

and artificial sediment supply. This is also confirmed by results obtained by

Perona et al. (2009), who used a lumped model to predict that adding an artificial

disturbance each year would lead to increases of 10% in both sediment and water

area in the Maggia River reach considered herein. Nevertheless, artificial floods

require careful control because such floods can have significant consequences for

water quality and fauna (Grimardias et al., 2017).

The combined model presented in this Chapter has shed light on the type of

ecosystem shift that occurs when a river is impounded by a dam. The results

obtained by applying the model to data from an existing river system compared

well with the actual regime dynamics. Furthermore, testing the hysteretic

behaviour of the river system also motivated the following questions: what would

the floodplain look like if a higher return period flood occurred? Would the

model predict such a scenario correctly?

To conclude, the novel combined method can identify and complement dam

regulation strategies, which in turn could promote sustainable solutions to

preserve riparian ecosystems.
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Chapter 7

Conclusions
This final Chapter presents a brief summary of the main findings of the thesis.

The potential research impact is also identified in the context of river restoration.

Recommendations for future work are also made.

7.1 Summary of findings

The main conclusions of this work are listed as follows:

• The experiments presented in Chapter 2 provided high quality data which

should prove particularly useful for informing the reintroduction of riparian

species to river systems and for wider bio-engineering and research purposes

(e.g. the use of cuttings to stabilize and reinforce riverbanks and river

bedforms; guidance in flume erosion experiments). Salix fragilis were

demonstrated to exhibit an optimum tolerance to high water stress and

prolonged drought conditions. Furthermore, the rate of decay of water

table level was found to be the most important influence factor on vertical

root biomass distribution. Hence, soil retention capacity (e.g. such as

that of sand) should be selected such that a layer is created where a good

balance between oxygen and water is achieved enabling Salicacae species

to develop without experiencing anoxic or hypoxic conditions. It was

also found that soil moisture percentage influences the rooting resistance

of Salicacae cuttings. In particular, a higher saturation level in the soil
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corresponded to a lower root resistance, and vice-versa. Even short Salicacae

cuttings were capable of developing roots and surviving, albeit their reduced

supply of internal resources. This suggests that micro-cuttings may also

be considered to be a suitable technique for riverbank stability, as recently

also demonstrated by Desrochers et al. (2020). Furthermore, the presents

experiments have paved to way to the possibility of using more realistic

types of vegetation in future flume erosion experiments.

• The free-body model proved to be a valuable tool in assessing the critical

rooting length. The model validation study showed that the framework

adopted can adequately describe the physical process of uprooting, for

different types of seedlings, at different stages of growth, and for differ-

ent magnitudes of scouring events. The free-body model revealed that

the tangential component of the drag force plays the leading role among

the destabilizing forces acting on the canopy, and that the drag exposed

surface area of the plant significantly contributes to the modulus of the

friction force. However, these observations result from having assumed a

reconfiguration of the plant in the streamline direction. For less flexible

and rigid vegetation, the normal component of the drag force would likely

make the most significant contribution. Furthermore, morphologic and

topologic variability among intra-species, evident in the data sets, could not

be detected by the free-body model. Inclusion of an improved description

of the effect of hydrodynamic instabilities (e.g. flapping mechanism) and

turbulence on the canopy and leaves would contribute to extending the

range of validity of the model.

• Pullout tests carried out for Salix fragilis (see Chapter 4) revealed that soil

moisture percentage has a significant influence on the pullout mechanism.

From the results, it was found that the maximum root resistance increases
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with the total length of the roots and with time, but is independent

of the size of the logs. This response demonstrates that the statistics

obtained are relevant for developing up-scaling rules. The outputs of the

statistical analysis of the below-ground biomass also proved relevant for

the up-scaling, given that the root biomass was observed to be uniformly

distributed along the trunks. The regression laws describing the growth

of the above-ground biomass and the link between the maximum pullout

force and total root length allowed computation of the drag forces acting

on the logs and detection of ‘biological windows’ when mobilization of

the logs is likely to occur. These fundamental findings shed light on the

competition between the frequency and magnitude of flood disturbances

and the temporal evolution of the biomechanical properties of vegetation.

• A regime dynamics model has been established (see Chapter 5) that enables

examination of the regime transitions that riparian floodplains undergo

when a dam impoundment alters the hydrological flow regime of a river.

The model uses uprooting probability as a proxy to describe how the

ecosystem evolves according to the continuous adjustment of the root

profile within the soil. A conceptual representation was proposed for all

possible regime transitions that a riparian ecosystem could experience after

river impoundment.

• The regime dynamics model was validated for a reach of the River Maggia,

Switzerland, where damming had taken place. It was found that the

hydrological shift induced by a dam impoundment can lead to a new type

of ecosystem regime transition characterised by irreversibility. Even if the

ecosystem driver (hydrology) exhibits a down-shift in time, the ecosystem

state (uprooting probability) might change smoothly with time and not

necessarily undergo a sharp shift. However, the ecosystem state may
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experience irreversible dynamics when the initial hydrologic regime is re-

established. This dynamics is entirely driven by vegetation root tropism

responses (e.g. hydrotropism) to changing river hydrology. Analysis of

different scenarios (e.g. involving different plant elevations and grain size

distributions) showed that plants close to the river bed are the most likely

to be removed and that an increase in effective particle size of the soil

can affect the ecosystem state significantly. Finally, comparison between

the scenarios presented by the aerial images of the reach of the Maggia

River and the modeled output suggests that uprooting probability is a

suitable proxy to examine and foresee the consequences of hydrologic shifts

in riparian ecosystems.

7.2 Research impact

For decades, riparian systems have been subjected to intensive anthropogenic

actions that have disrupted and damaged river systems by altering the natural

flow regime to accommodate human needs. Riparian areas have thus drastically

changed from pristine conditions to give way to intensive agriculture, energy

production and urban development. For example, progressive loss of braided

patterns in certain river systems was caused by the onset of flow regime regulation

and deforestation.

Growth of awareness of the state of health of riparian areas and the increasing

occurrence and severity of extreme events (e.g. flooding and rainfall events) have

encouraged environmental organizations and government agencies to promote

river rehabilitation and restoration programmes. Conservation and restoration

of river ecosystems are now crucially important and urgently needed. One of the

many goals of river restoration projects is to reestablish the natural processes of

rivers through the development of natural biogeomorphic river structures and the
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reintroduction and establishment of natural riparian species. However, the lack

of adequate design criteria for enhancing the formation and recovery of floodplain

vegetation have led to unsuccessful outcomes (Wohl et al., 2005). The 2015 State

of the Environment Report found that only less than half of the rivers achieved

“good ecological status” in 2015 (EEA, 2015). The foregoing confirm that not

enough has been done, and that river processes might suffer an irreversible

mechanism. This thesis helps shed light on the cause of such irreversibility (e.g.

vegetation root re-adaptation following flow regime perturbation).

In this context, vegetation removal due to flow and erosion processes plays

a significant part in the morphologic and ecologic evolution of rivers and is

an issue of great importance for the adequate realization and maintenance of

river restoration schemes. Although relevant research studies have been carried

out on the interaction between vegetation and river dynamics, limited research

has been conducted on how the biomechanical properties of vegetation and

the related timescales interact with fluvial processes and river hydrology, and

how vegetation roots can be considered as an important ecological indicator of

ecosystem alterations.

To help answer the foregoing questions, this thesis has presented a novel

holistic approach that links river hydraulics, hydrology, geomorphology, biology

and, to some extent, ecology. From a practical perspective, it is important

to emphasise that the success of this novelty rests on a very careful designed

framework that includes the use of intersecting models (e.g. Calvani et al., 2019b;

Perona and Crouzy, 2018; Tron et al., 2014) and high fidelity customised input

values. Moreover, the two data sets obtained from the experiments presented in

Chapter 2 and in Chapter 4 represent a relevant resource that can be shared with

interested parties and used to design future laboratory and field investigations,

as discussed below.

This work has led to three additional important discoveries. Firstly, despite the
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large variability of vegetation characteristics, experimental and theoretical results

have demonstrated that the average trends in vegetation growth characteristics

and responses to external forces are statistically significant and can be considered

as representative. Secondly, the experimental results confirmed that knowledge of

the biologic timescales of vegetation is fundamentally important when analysing

the balance between vegetation growth and mortality in relation to hydrologic

disturbance. Finally, vegetation roots play a relevant part in engineering the

resilience of a riverine ecosystem to hydrologic disturbance and perturbations of

both climatic and anthropic origin.

Hence, mechanisms of plant-river interactions together with elaborate species

distribution models (e.g. Ogle and Barber, 2008; Smolik et al., 2010) and guid-

ance on plant species specification should be integrated in morphodynamic and

computation fluid dynamics models. Furthermore, as a result of the irreversibil-

ity of ecomorpohodynamic processes in the face of flow regime alterations, it is

crucial that strategies be developed to optimize the design of mitigation measures

(such as dam re-operation and river restoration schemes). Reconceptualization

of river and green engineering practices would be aid decision makers responsible

for maintaining the floodplain morphology, without incurring irreversible regime

transitions.

7.3 Recommendations for future work

This thesis has provided insight into the role of vegetation in river restoration,

and also motivates new research directions, several of which are discussed below.

• More realistic flume experiments should be carried out to investigate flow-

induced uprooting of Salix fragilis, given its promising performance as

seedlings in the idealised experiments described in Chapter 2. Based on the

results of these further experiments, it should then be possible to optimise
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the water table regime for different biomass configurations and specific

scenarios. It is also recommended that the flume tests be undertaken for

Salix fragilis cuttings instead of seedlings. This would enable investigation

of the phenomenon of local erosion, induced by a large obstacle-to-sediment

size ratio (Melville and Sutherland, 1988). To date such dynamics have only

been studied (to the author’s knowledge) in the context of fluid-obstacle

interactions (Kirkil and Constantinescu, 2010; Manes and Brocchini, 2015;

Roulound et al., 2005). It would be interesting to discover the effect of

local erosion on uprooting probability and uprooting time.

• Analysis should carried out on the ability of Salix fragilis to reinforce river-

bank stability for heterogeneous soils and different river flooding regimes.

• The free-body model results (Chapter 3) indicate the need for allometric

laws to be derived for the most common riparian species. This is an essential

prerequisite for making precise estimates of the plant area experiencing drag

and of the main rooting length. At the time of writing, the free-body model

has only been tested on isolated vegetation. Hence, it is recommended that

the model undergo further tests to examine its reliability when applied to

different geometrical arrangements of porous vegetation.

• Statistical analysis of small-scale wood logs in Chapter 4 revealed the

possibility of mechanical similarity at a larger scale. To achieve this,

investigation needs to be made of the growth requirements (e.g. soil

moisture condition, light and nutrient availability) at field scale and specific

to the site of interest.

• It is recommended that the regime dynamics model presented in Chapter

5 be validated for other fluvial systems that have experienced regime

transitions similar to those of the Maggia River (e.g. Santa Maria and Bill
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Williams Rivers, see Shafroth et al., 2002b).

• The Maggia River study demonstrated that satellite and detailed field

observation campaigns are essential for the analysis of river regime dynamics.

Hence, more detailed, comprehensive digital monitoring of the riparian

landscape is required. Such information would provide more accurate model

input data on the evolution of the grain size distribution of the bed and

banks and bars of a given river. Likewise, more consistent tracking of

vegetation coverage and type over longer periods would improve assessment

of ecosystem evolution over time.

• From a holistic point of view, closer transdisciplinary cooperation between

river engineers, geomorphologists, and ecologists is needed to preserve and

save the terrestrial and aquatic ecosystems before planetary boundaries

are reached (Steffen et al., 2015). The present thesis offers a starting point

for such cooperation, given that its methodology and results pave a way

for new research that would benefit greatly from concerted effort at the

intersection between different disciplines to yield results of higher fidelity,

and thus also of higher research and societal value.
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Appendix A

A.1 Compound Poisson Process

The Compound Poisson Process (abbreviated as CPP) is a signal characterized by

a sequence of stochastic instantaneous pulses followed by exponential deterministic

decays. CPP signal can be used as a synthetic signal for the water table dynamics.

The CPP signal is governed by the Langevin equation of the form (see also

equation 5.2):
dzw
dt

= ηl(h2 − zw)− ζ (A.1)

where zw is the water table depth and h2 is the maximum distance from the soil

surface to the water table. The first term on the right-hand side of equation A.1

expresses the deterministic component of the signal (exponential decay) with

decay rate ηl. ζ is the state variable representing the stochastic counterpart in

which the pulses are modeled as a white shot noise with mean rate, λl. The

expression of ζ reads:

ζ(t) =
∞∑
i=1

hi(t)δ(t− ti) (A.2)

where hiδ(0) is the size of the pulses and δ(·) is the Dirac delta function.

The probability distribution of the random pulses is exponential with mean

γl: pH(h) = 1
γl
e−h/γl .

As the quantity h2 is a constant shift in z-axis, equation A.1 can be simply

rewritten referring to a generic variable s. This allows to facilitate the derivation

of the probability density function of the water table level (see equation 2.3)

from equation A.1.
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Hence, the Langevin equation for s becomes:

ds

dt
= ηl(s)− ζ (A.3)

Assuming that the variable s at the time t is s(t) and that in a small interval dt

the probability that no jumps occurs is (1− λldt) + o(dt):

s(t+ dt) = s(t)−∆s, (A.4)

where:

∆s =

∫ t+dt

t

ηl(s(τ))dτ = ηl(s(t))dt+ o(dt) (A.5)

where o(dt) represents an infinitesimal of higher order.

The probability that a pulse takes place in dt is λldt+ o(dt). In this case:

s(t+ dt) = s(t) + h−∆s (A.6)

As a result, the probability that the process takes a value in (s, s+ ds) at the

time t+ dt reads:

p(s, t+ dt)ds = (1− λldt)p(s+ ∆s, t)d(s+ ∆s)

+λldt

∫ s

0

p(u+ ∆u, t)pH(s− u;u)d(u+ ∆u)ds,
(A.7)

where the second term on the right-hand side takes into account the condition

for which the process reaches s due to a instantaneous pulse. If equation A.5 is

substituted into equation A.7 and the terms of order o(dt) are neglected:

p(s, t+ dt)ds = (1− λldt)p(s+ ηl(s)dt, t)d(s+ ηl(s)dt)

+λldt

∫ s

0

p(u+ ηl(u)dt, t)pH(s− u;u)d(u+ ηl(u)dt)ds

= (1− λldt)
(
p(s, t) + ηl(s)dt

∂

∂s
p(s, t)

)(
1 +

∂

∂s
ηl(s)dt

)
+λldtds

∫ s

0

p(u, t)pH(s− u;u)du.

(A.8)
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Dividing equation A.8 by ds, subtracting the quantity p(s, t) from both sides,

dividing by dt, and for dt approaching 0, we obtain the Chapman–Kolmogorov

equation (master equation):

∂p(s, t)

∂t
=

∂

∂s
[p(s, t)ηl(s)]− λlp(s, t) + λl

∫ s

0

p(u, t)pH(s− u;u)du. (A.9)

Given that the distribution of the jump sizes, pH(h), is exponential with mean

γl, the general form of the solution of equation A.9 is:

p(s) = C
1

ηl(s)
e

(
− s
γl

+λl
∫
s

du
ηl(u)

)
. (A.10)

By solving the integral in equation A.10, we obtain:

p(s) = C
1

ηl(s)
e
− s
γl (s)

λl
ηl
−1 (A.11)

where C is the normalization constant. Hence, the constant C can be obtained

by imposing the integral of p(s) equal to 1:∫ ∞
0

(
C

1

ηl(s)
e
− s
γl (s)

λl
ηl
−1

)
ds = 1. (A.12)

The expression for the constant C resulting from the normalizing condition of

equation A.12 is:

C =
γ
−λl/ηl
l

Γ[λl
ηl

]
ηl(s) (A.13)

where Γ[·] is the complete Gamma function. By being λl
ηl

= βl and by substituting

the value of the constant C in equation A.11, we obtain:

p(s) =
γ−βll

Γ[βl]
e
− s
γl (s)βl−1 (A.14)

If we reestablish the variables of equation A.1, we obtain:

p(zw) =
γ−βll

Γ[βl]
e
zw−h2
γl (h2 − zw)βl−1, (A.15)

thus obtaining equation 2.3.

187



188



Appendix B

B.1 Perona and Crouzy’s model

Perona and Crouzy’s model uses a probabilistic frame to define the plant resilience

to uprooting induced by flow-erosion processes (uprooting of Type II). The model

is built on the concept that the rooting depth of a plant, L, is the main responsible

variable for the root mechanical anchoring. L is time dependent because the

plant is subjected to the evolution of the riverbed elevation due to erosion and

deposition processes. The variation of L is expressed with the Langevin equation:

dL

dt
= −η̇(L, t) + gt(t)ψ(t), t > 0 (B.1)

The first term on the right-hand side of the equation describes the mean erosion

dynamics (mean erosion rate), whereas the second term accounts for the local

fluctuations of the erosion and deposition processes. As stated in Chapter 3, gt

describes the random noise in the erosion process and ψ(t) indicates the strength

of a Wiener process.

Plant anchoring is reduced by scouring dynamics that are taken into account

as alternating deposition and erosion trajectories (see Figure B.1). Uprooting

occurs when the trajectory is lost, that is when the rooting depth L reaches the

critical one Lc.

Given the stochastic nature of the process, the probability density function
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Figure B.1: Illustration of the approach described by equation B.1. Uprooting occurs

when the scouring trajectories are lost and, specifically, when the critical state Lc is

achieved (modified from Perona and Crouzy, 2018).

of the rooting depth is also obtained and reads:

p(L, t) =
1√

4πG(t)

(
e(−(L+V (t)−L0)2)/4G(t)

)
+

1√
4πG(t)

(
−e(V (t)(L0−Lc)/G(t))−((L+V (t)−2Lc+L0)2)/4G(t)

)
.

(B.2)

Equation B.2 is obtained by solving the Fokker-Planck equation via the methods

of images (see Perona and Crouzy, 2018).

In equation B.2, G(t) =
∫ t

0
(gt(τ)/2)dτ , and V (t) =

∫ t
0
η̇(τ)dτ , where τ is the

dummy variable of integration. The integration of equation B.2 generates the

survivor function, which provides the survival percentage of a plant during the

uprooting process:

P (t) =

∫ +∞

Lc

P (L, t)dL. (B.3)

If equationB.3 is derived in time: −dP (t)
dt

, we obtain the probability density

function of the uprooting time, which is the PDF of the first mean passage time

T through the boundary when L = Lc (Perona and Crouzy, 2018):

pτ (T ) =
Le

2
√
πG(T )3

e

(
− (Le−V (T ))2

4G(T )

) [
gt(T )

2
+ e

(
(Le+V (T ))2

4G(T )

)
W (T )

]
(B.4)
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where G and V are the functions that have been defined previously for t = T ,

and W (T ) =
√
πErfc

[
Le+V (T )

2
√
G(T )

](
η̇(T )

√
G(T )− gt(T )

2
V (T )√
G(T )

)
. If gt and η̇ are

constant, then W (t) = 0 and pτ (T ) becomes an inverse Gaussian distribution

(see equation 3.22).
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Appendix C

C.1 Autocorrelation function

The autocorrelation function (abbreviated as ACF) reveals the correlation be-

tween the lagged values of a temporal series (Box et al., 2015). The autocorrelation

function is used to ascertain randomness in a data set. Autocorrelation is weak

when data are random, conversely, data have significant autocorrelation when

data are not random. In the case of non-random data, ACF can be used to

detect a certain time series model.

The mathematical expression of the autocorrelation function, rk, reads:

rk =
1
N

∑N−k
t=1 (Xt − X̄)(Xt+k − X̄)∑N

t=1(Xt−X̄)2

N

, (C.1)

where Xt and Xt+k are the lagged values of the time series of the variable, k

indicates the time lag, and N the number of observations.

The plot that represents rk against k is called autocorrelogram (Figure C.1).

If the signal of the autocorrelation function falls below the confidence bounds

(see horizontal blue line in Figure C.1), it means that there is no autocorrelation

between adjacent values.

The confidence bounds were here obtained as follows:

±z1−ε/2

√√√√ 1

N
(1 + 2

k∑
i=1

X2
i ), (C.2)

where z is the cumulative distribution function of the standard normal distribution

and ε is the significance level that, in Chapter 4, has been set to 5%.
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Figure C.1: Example of sample autocorrelation plot.
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Appendix D

D.1 Peak Over Threshold Probability

Peak Over Threshold (POT) is a methodology used in extreme value analysis

that was developed by Todorovic (1970) and widely applied in flood frequency

analysis (Bezak et al., 2014; Castillo, 2012; Claps and Laio, 2003). Specifically,

POT evaluates the exceedance probability of the local maxima of a time series

over an assigned threshold ξ (see Figure 5.3 for a graphical representation). The

applicability of POT relies on a time series that is composed of independent and

identically distributed values.

In the context of this thesis, the peak events are represented by the local

maxima of the daily discharge time series, Q(t), whose signal is generated by a

Compound Poisson Process. Hence, POT is used to assess the return period,

T (ξ), of the discharge events that exceed ξ:

T (ξ) =
1

1− Pξ
, (D.1)

where Pξ is the POT probability (i.e. the probability of events occurring above

the selected threshold.) The classic expression of the POT probability, Pξ, can

be obtained by applying the following mathematical steps.

Generally, for high thresholds (ξ → ∞), the distribution of the peaks is

Poissonian (Cramér and Leadbetter, 2013). Hence, the number of the peaks

occurring in a period of time T is governed by the Poisson distribution:

p(j) =
(λ′dT )j

j!
e−λ

′
dT , (D.2)
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where j is the generic number of occurrences (j = 0, 1, 2, ...∞) and λ′d is the

frequency of the events that are above ξ. λ′d is expressed as follows:

λ′d =
1

T+
ξ + T−ξ

, (D.3)

where T+
ξ is the average time above the threshold and T−ξ is the average time

below the threshold. The expression of T+
ξ has already been given in equation 5.7.

T−ξ is given by:

T−ξ =
1

λd
1F1[1; 1 + βd;φ] (D.4)

where βd = λdτd is the product between the mean rate of the pulses, λd, and the

autocorrelation time, τd, and 1F1[·; ·; ·] is the confluent hypergeometric function

of the first kind.

Equally, λ′d can be simplified to:

λ′d =
e−φφβd

τdΓ[βd]
, (D.5)

where, as seen in Chapter 5, φ = ξ
γd

is the ratio between threshold and the mean

rate of the pulses, γd, and Γ[·] is the complete Gamma function.

By considering the probability of occurrence p(j), the POT probability, Pξ,

corresponds to the cumulative distribution of the events j:

Pξ =
∞∑
j=0

p(j)(P−ξ )j, (D.6)

in which (P−ξ )j represents the non-exceedance probability of j where P−ξ = 1−P+
ξ

and P+
ξ is the above-threshold probability.

Substituting the expression in D.2 into D.6, we obtain:

Pξ =
∞∑
j=0

(λ′dT )j

j!
e−λ

′
dT (P−ξ )j. (D.7)

After some simple mathematical steps and by recalling that:

ez =
∞∑
j=0

zj

j!
, (D.8)

196



equation D.7 becomes:

Pξ = e−λ
′
dT eλ

′
dP
−
ξ T = e−λ

′
dT (1−P−ξ ), (D.9)

which, for a unit time interval (T = 1), gives the classic relation of the Peak

Over Threshold probability:

Pξ = e−λ
′
d(1−P−ξ ) = e−λ

′
dP

+
ξ . (D.10)
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