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Abstract

Aim of this research has been to make an analysis of long and medium term morphological
dynamics that may affect the regulated gravel-bed braided rivers as the Piave river (Italy) and the
Waitaki river (New Zealand).

The Piave river (drainage area around 4000km2), is one of the largest rivers in the north-east of
Italy, the study reach is, mainly, 37 km long, and represent the intermediate course of the river
within the mountain district. In addiction were been study different sub-reaches until a minimum
of around 1,5 km long.

The Waitaki river (drainage area around 11000 km2), is a large gravel-bed river draining the
eastern slope of Southern Alps, South Island, New Zealand, has been analyzed along a 13 km
long subreach.

The flow regime and the sediment supply of these rivers have been considerably altered by
hydroelectric dams, flow diversions and, along the Piave river, gravel mining. In addiction, river
dynamics have been affected by the construction of stream-bank protection structures.

To document these changes, an historical analysis was performed using aerial photographs, cross
section survey data and a LiDAR dataset.

Morphological features that were examine included planform configuration, active corridor
extension, channel width, channel top depth, flow area, number of channels and bed elevation.
Vegetation features that were examine included, instead, areal island cover extension and
different vegetation class extension.

The results indicate as remarkable changes occurred during the study period.

In both river there was a marked tendency to the diminution in the number of channels and in the
active corridor extension, just subsequently to the main flood events is possible see an increase
in the active corridor extensions.

Along the Piave river was possible see a marked tendency to narrowing and channel incision
during the last 80 years.

The island, along both rivers, tend to encroachment and maturation for many years, occupying
the active corridor. The island extension could decrease just after considerably flood events (RI >
10 years) or thanks to many close flood events. Regarding islands, has been possible see their

tendency to joining with perifluvial vegetation, in consequence of long no-flood periods.



Riassunto

Obbiettivo della presente ricerca ¢ quello di eseguire un’analisi di lungo e medio periodo sulla
dinamica della morfologia fluviale riguardante fiumi a canali intrecciati a fondo ghiaioso,
sottoposti a regolazione dei regimi idrici, come il fiume Piave (Italia) e il fiume Waitaki (Nuova
Zelanda).

Il fiume Piave (area del bacino di circa 4000 km?), & uno dei principali fiumi del nord-est
d’Italia; il tratto analizzato ha una lunghezza di circa 37 km e si trova nella parte centrale del
bacino montano. Inoltre, sono stati studiati diversi sottotratti fino ad un minimo di 1.5 km di
lunghezza.

Il fiume Waitaki (area del bacino di circa 11000 km2) ¢ il pitt importante fiume delle Nuova
Zelanda per valori di portata, scorre dal versante est delle Alpi del Sud dell’isola del Sud della
Nuova Zelanda; il tratto analizzato ha una lunghezza di circa 13 km.

Il regime delle portate e 1’apporto di sedimenti di questi due fiumi sono stati considerevolmente
alterati dalla presenza di dighe per la produzione di energia idroelettrica e dalla presenza di opere
trasversali e di difesa spondale.

Per studiare le variazioni che si sono succedute nel tempo si ¢ eseguita una ricostruzione storica
con ’ausilio di fotografie aeree, dati storici di rilievi topografici e un set di dati LiDAR.

Le caratteristiche che si sono analizzate sono 1’estensione dell’alveo attivo, la larghezza massima
dei canali, la profondita massima dei canali, I’area bagnata dei canali, il numero di canali e le
caratteristiche altimetriche del letto del fiume. Si sono, anche, condotte analisi sulla variazione e
la dinamica della vegetazione presente in alveo, attraverso la misurazione dell’area delle isole
fluviali e I’estensione delle diverse tipologie di vegetazione presente nell’area perifluviale.

I risultati ottenuti indicano come nel corso degli anni considerati vi siano stati delle variazioni
considerevoli.

In entrambi 1 fiumi c’¢ stata una marcata tendenza alla diminuzione dei numeri di canali e
dell’estensione de corridoio attivo, solamente a seguito di eventi di piene rilevanti ¢ stato
possibile osservare un aumento dell’estensione del corridoio attivo.

Lungo il corso del fiume Piave ¢ stato possibile osservare una marcata tendenza all’incisione del
canale durante gli ultimi 80 anni.

Le isole fluviali tendono a maturare e stabilizzarsi per molti anni, occupando cosi il corridoio
attivo. L’estensione delle isole diminuisce solamente a seguito di eventi di piena con tempi di
ritorno marcati (> 10 anni), oppure a seguito di eventi che si succedono frequentemente, anche
se di intensita minore. Infine si € potuto notare una tendenza delle isole fluviali a fondersi con la

vegetazione perifluviale circostante, limitando ancor piu I’estensione del corridoio attivo.
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1. Introduction

The branch of Earth sciences, which studies and interprets the forms of the earth’s surface of
fluvial origin is known as fluvial geomorphology. It can be defined as the study of the
processes that rule production, flow and accumulation of sediments in both river basin and
riverbed over a long, medium or short period, and of the resulting formations on the bed and
in the flood plain (Sear et. al, 2003).

In a long-term timescale (many centuries)it may be identified a cyclical pattern relating to the
external factors of the system, as tectonics and climate, which can act as independent
variables.

The medium-term timescale (many decades) examines the changes the fluvial system is
subjected to, in relation to the variability of fundamental hydrologic-hydraulic parameters
(liquid and solid discharge) and morphometric characteristics relating to the stream that is
usually affected by considerable and sometimes even radical changes.

In the end, the short-term timescale is linked to experimental activities, such as pilot basins
(Lenzi et al., 1996), physical models studied in hydraulic laboratories or to the direct field
study of the effects caused by flood events with a known return period (Lenzi et al., 1990;
Lenzi et al.,1997).

Therefore the main objective of fluvial geomorphology is the knowledge and interpretation of
fluvial processes, which generate and modify landscape’s shapes (Marchetti, 2000). By
flowing in a river bed composed of non-cohesive loose substances, the current modifies
sections’ shape and its planimetric and altitudinal structure, thus originating morphodynamics
processes.

The preservation of morphological shape, the change of an already-existing balance or the
tendency to establish a new shape of the watercourse are the result of both varied and
different fluvial processes (erosion, sediment transportation, sedimentation) and geological,
climatic, hydrologic, hydraulic, vegetative and biological factors that could trigger, control or
wipe out various fluvial phenomena. Such processes characterize every type of river bed,
therefore are not typical of any particular morphological configuration. In fact, there are in
nature varied fluvial forms corresponding to different stability conditions of beds, that is the
tendency of river beds to be modelled, in relation to the geometric characteristics of the valley
and as a response to a certain hydrometric status, to particular flow conditions and depending
on the particle size of material transported that forms the bed and on soil composition forming

the banks (Lenzi et al., 2000).



Fluvial morphology is defined as the group of the varied forms taken on by the main
physiographic elements that characterize a river. The size of these forms, even if they may
vary according to different landscape units, remain quite constant in time and lead to create a
bed configuration having proper and unique characteristics (Billi, 1995). There are no clear
limits among the various morphological typologies but there is a continuous shift from one
form to the other. For this reason, in order to be able to define the morphology of a
watercourse and the typologies it is made of, one single parameter is not enough, therefore

different factors must be examined and taken into consideration, such as:

e Sinuosity: it expresses the ratio between the length of the river and the length of the valley
axis (Leopold et al, 1964);

e Grain distribution: it consists in analyzing the particle size of the material forming the bed;

o Total sediment transportation: defined as the sum of two components, that is bed load and

suspended load transportation;

® PBraiding: it is the number of bars or islands situated along a given reach. It is defined as
the ratio between the main channel width under flood conditions (when bed sediments are
completely flooded) and its width under standard flow conditions;

e Vertical running off: it specifies whether the stream flows deeply incised in the valley’s

plain or in its sediments. It is normally expressed by the ratio between the width of the
flooded area and the width of the open channel, which corresponds to the bankfull

discharge (Kellerhals et al., 1972; Rosgen, 1994);

e Width-Depth ratio: it describes the size and the form factor as the ratio between the bank

and bank width of the channel, and the corresponding mean depth (Rosgen,1994);

® Planimetry: it explains how a watercourse flows into its drainage area;

® Gradient: it is a very important aspect in the determination of the hydraulic, morphological
and biological characteristics relating to a watercourse;

o Longitudinal section: it is the change in height of a stream which explains how the river

can be divided up into morphological categories according to the gradient;
e Cross section: it indicates the incision degree of a channel and the extent of the most

important hydraulic variables.



These sets of variables, which are typical of every fluvial environment, can be divided up into

reference variables or boundary conditions

e Reference variables are the main elements causing the change in fluvial environment. They
are represented by solid and liquid discharge systems.

¢ Boundary conditions are the parameters that describe the physical conditions by which a
river flows. They are mainly represented by the particle distribution of the material that
forms riverbed and banks, by the lithological and geomorphological characteristics of the
fluvial basin, by the gradient and the topography typical of the valley, by the main

characteristics of riparian vegetation and obviously by human influences.

The type and the extent of phenomena causing river regulation must be always referred to a
specific timescale that, in the specific field of fluvial geomorphology, can be divided up into 3

different levels: long, medium and short (Figure. 1.1).

a)  The long timescale, called also “geological”, concerns the changes occurred in a time
interval of million years that had been often caused by factors not directly linked to the
fluvial system, as tectonic movements and climatic changes.

b) The medium timescale, or historic scale, describes the changes occurred in a time
interval that ranges from decades to centuries. This is the most representative phase in
the study of fluvial morphology.

c)  The short timescale gathers up the events that caused changes in the fluvial environment
during a short period of time, that is a couple of years.

As regards the “short” time interval, man is the main morphogenetic factor of a fluvial

system, as he causes important changes in the rate of flow and sediment transportation that

subsequently affect riverbed dynamics,too. (Castiglioni e Pellegrini, 2001).

WA

Figure 1.1: examples of modifications occurring over different timescales: a long, b medium, c short



A river is defined as stable or as in dynamic equilibrium if, considered in a medium timescale,
it maintains its distinctive shape and size (width, depth, bottom slope, etc.) almost unchanged,
although it progressively changes its course. On the contrary, if the distinctive parameters of
the watercourse are subjected to substantial changes, due to natural or human-caused
phenomena that could change its equilibrium status, the river becomes unstable. This aspect
depends on the way watercourse responds to different bad conditions that can lead to change
processes affecting the fluvial system. That is to say that changes in altitude (incision or
sedimentation), changes in the bed’s shape or in the planimetric course occurring over
different timescales (medium or short) and under different spatial conditions (local scale or
concerning the entire fluvial system) and which can differ as opposed to the ongoing

phenomena they are subjected to (Figure 1.2).

Figure 1.2: example of unstable rivers. The fist picture shows a tract in which incision
phenomena prevail; the second is related to sedimentation

The Water Framework Directive (Directive 2000/60/CE) first introduced the new term
“Hydromorphology”. Hydromorphology integrates the geomorphologic approach with the
analysis of the changes the rivers undergo, as a consequence of the changes in their discharge
system induced by the presence of artificial works in the bed and by the continuous drawing
of water and aggregates for human purposes (AdBPo, 2008).

Fluvial geomorphology together with hydromorphology does contribute to determine which
are the forms and the processes characterizing a watercourse, by analyzing them within
different spatial areas (basin, reach, surrounding environment) and according to different
timescales. Furthermore it helps to recognize the important characteristics typical of the
fluvial system such as sedimentation, erosion areas and the sediment balance. It also allows to
understand the influence of the processes affecting the morphological and ecological

structure, environmental security and the utilization of involved resources. No less important



is the possibility to assess the quantitative and qualitative extent of changes in order to solve

them.

1.1 Elements of the fluvial system

Overall a water flow has many features relating to fluvial dynamics. The fluvial system is
not merely limited to those areas near the river bed, but it encompasses all the portions of
territory which are affected by the stream or have been so in the past.

The main fluvial forms are below described by making reference to the categorization

provided by either Hupp & Osterkamp (1996) and Rinaldi (2000).

Channel bed

In a perennial river, it is the area of river bed partially or wholly covered with water
for the most part of discharges affecting the stream, corresponding in fact to the
section containing the supposed ordinary flood, to be more precise the intermediate
discharge that compared to a series of maximum-range discharges reported over one
year, is equalled or exceeded as regards 75% of events (Hydrographic Service,
1928).

The water level that reaches the floodplain is defined as the bankfull level which
corresponds to the bankfull discharge.

Over base flow periods, water flows inside the ordinary bed along a particular
course having a section that is less than the ordinary one, called base flow bed.

The ordinary bed is naturally demarcated by banks and channel shelves.

Floodplain

Is a level surface created by sedimentary depositional processes that borders the
river, which is shaped by the progressing sedimentation inside and outside the river
bed. In some river beds, one can find some transition forms between bars and
floodplain: we talk of bars left by the flow in the course of time that gradually turn
to vegetation and then into floodplain (Fig.1.3).

In natural conditions floodplain is affected by 1-3-year-return-period floods. The

recurrence interval, also known as the return period, is the flood frequency through



which one can estimate the probability of a given flood event having some particular
charactersitics, so that the value of discharge is equaled or exceeded in any given

year.

Figure 1.3: example of a cross section area and relative layout drawing which noticeably depict the
base flow, the bank full and floodplain.

Bar

We talk of sedimentary bodies present inside the bed having no perennial
vegetation; it is the lowest topographic surfaces extending along the active bed,
being slightly over the baseflow.

Bar movement performs through destruction, regeneration or migration (upstream
erosion and under current aggradation). Sometimes their mobility reduce due to
vegetation, being subordinated to their position inside the bed, anyway (Lenzi et al.
2000).

The most frequently overflown bars, composed of materials and with no proper
vegetation, are subject to sediment movements by the current which dislodges
vegetation on its surface. A non- vegetated bar is also called active bar.

In long-lasting bars, which are more raised, one can find lighter sediments allowing
the development of vegetation. Vegetation in turn does contribute to steady the bar
itself by increasing the resistance to motion, thus decreasing stream velocity over it
by contributing to deposit additional light sediment according to a positive feedback
process.

There are several typologies of bars closely related to fluvial morphology (Figure

1.4).



Figure 1.4: example of fluvial bars: 1 — lateral bars; 2 — meander bars; 3 — merging bars;
4 — longitudinal bars; 5 — diamond-shaped bars; 6 — diagonal bars; 7 — sand dunes

Alternating lateral bar are typical of straight rivers or low-sinuosity ones (Fig. 1.5);
instead, meander bars are typical of those rivers having a higher sinuosity ratio,
which tend to evolve in the interior point of curves in which stream has a lower

energy; instead, lateral bars and diamond-shaped ones are typical of braided rivers.

Island

It is created in a suitable environment comprising the partial cover due to either light
sediment and bed portions in which vegetation can grow (pioneer islands). These
islands are to be found in particular by gravel bars set at higher positions, thus

denoting better balance conditions. It is the result of both a progressing growth of
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vegetation and the accumulation of light sediment as a consequence of woodland

which settles the sediment (see in detail section 1.5).

Riffle

It represents the topographic “top-level part” of a bed longitudinal profile, created by
sedimentary depositional processes, which are composed of clastic rocks and rude
material, such as small rocks lacking in fine sediment (sand).

It can be found in many typologies of rivers, in particular the gravel ones excepting
those having highest gradients (>3-5%), where one can see the formation of real
steps.

Over moderate and base flow periods, depending on the local increase in bed
gradient, they have a minor effective depth of the stream and higher velocity which
exceeds the adjacent pools. Over ordinary floods as well, water level becomes more

uniform, thus velocity differences result to be lower.

Step

These are real steps created and shaped by the current itself through deposition or
determined by factors which can not be adjusted by the current such as rock steps or
log steps. All the typologies of steps can be found in mountain rivers in which
particle size of the bed has bulky elements which can originate the steps as well as

the surfacing of rock substrate and the presence of bulky woody material.

Pool

These are areas relating to the bed in which the minor effective depth of the current
exceeds the adjacent areas (as riffles or steps), that are caused by the localized
erosion action caused by a current exceeding energy as opposed to average slope
conditions. Pool hydrodynamics and shape are determined by the creation of
secondary currents (vertical and horizontal axis-shaped twirls ) following the strong
velocity gradients caused by a current disturbance at head, such as a rock channel

shelf, a step, a riffle or a bar (Figure 1.6)
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Figure 1.6: outline of a riffle -pool sequence

Terrace

It is a sublevel surface bordering the fluvial erosion slope due to an increase in
erosion action (incision) of the river following a deposition phase due to either
human activity or climate change (Fig.1.7). The rivers changes its altitude position
by creating a new floodplain suitable for the new bed altitude. The abandoned
floodplain is called terrace, which can be however flooded by flood events, that

would depend on how height the terrace is.

F iure 1.7: outline f fluvial terrace
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The formation of a new floodplain is related to fluvial movements, either vertical or

lateral, while the terrace is gradually eroded by mentioned movements.

Channel shelves and banks

These are surfaces having a certain gradient or real differences in height dividing the
different fluvial forms. The former is created through the fluvial erosion, whereas
the latter creates a particular form of fluvial aggradation due to the overflow from

river bed during some particular events (Marchetti, 2000).

Meanders

These are curves that take twists and turns along the river course. Meander
movement occurs through the fluvial erosion that occurs at curve’s outside bank
expense, where the stream reaches its maximum velocity. The erosion of outside
bank contrasts with the sedimentation process of the inside bank, in which velocities

are lower (Fig 1.8).

RMain current erodes outgide bond of the meander
causing undercutting and bank coliapsoe
A

Blain Gurrent i

groded material from ovtside bend of the meandear_
is deposited a= a polnt bar on inside of the bend

Figure 1.8: flow direction lines relating to a meander



1.2 Classification of channel patterns

1.2.1 Leopold and Wolman'’s classification

Straight, meandering and braided patterns were described by Leopold and Wolman
in 1957.
In Table 1.1 is possible see the main characteristics of the Leopold and Wolman

classification:

Table 1.1: summary of selected terms describing alluvial channel
patterns

Channel Pattern Description

Single channel,
Straight sinuosity <1,5,
alternating bars
Single channel,
sinuosity >1,5,
usually
dominated by
suspended
sediment load
Multiple flow
paths separated
by transient
bars, relatively
stable bars, or
islands

Meandering

Braided

1.2.1.1 Straight channels

In the field it is relatively easy to find illustration of either meandering or
braided channels. The same cannot be said of straight channels. In fact, truly
straight channels are so rare among natural rivers as to be almost nonexistent.
Extremely short segments or reaches of the channel may be straight, but it can
be stated as a generalization that reaches which are straight for distances
exceeding ten times the channel width are rare.

Often streams of this straight class area in the headwater areas, and dissipate
hydraulic potential energy through a series of high friction steps and scour

pools. Straight channels area considered relatively stable.
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1.2.1.2 Meandering river

Often, stram of this nature are I the more genle sloping and wide valleys,
where the stream can laterally migrate across the valley, eroding floodplain on
the cut-bank side, and building floodplain on the point bar side. The meanders
help the stream to dissipate hydraulic potential energy through scour and
turbulent eddies. Meandering channels are considered intermediately stable

with semi-cohesive bank material, moderate and suspended sediment.

1.2.1.3 Braided river

A braided river is one which flows in two or more anastomosing channels
around alluvial island. Braided reaches taken as a whole are steeper, wider and
shallower than undivided reaches carrying the same flow. Braided pattern
should developed after deposition of an initial central bar. The bar consisted of
coarse particles, which could be not transported under local conditions existing
in that reach and of finer material trapped among these coarser particles. This
coarse fraction became the nucleus of the bar which subsequently grew into an
island. The braided pattern is one among many possible conditions which a
river might establish for itself as a result of the adjustment of a number of
variables to a set of independent controls. The requirements of channels
adjustment may be met by a variety of possible combinations of velocity, cross
sectional area and roughness. Braiding represents a particular combination,
albeit a striking combination, of a set of variables in the continuum of river
shapes and patterns.

Braiding is not necessarily an indication of excessive total load.

Braiding channels are considered relatively unstable with non-cohesive bank

material and predominantly bedload sediment



1.2.2 Billi’s classification

In 1994, Billi grouped the possible morphological typologies of a watercourse

(picture 1.9) into 5 main configurations:

CHANNEL TYPE
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Figure 1.9: scheme of main configurations of the riverbed
1.2.2.1 Straight rivers

They are very rare in nature. Generally there are no single channels 10 times
longer than the width of riverbed. Even when banks are straight, the main
channel follows a slight sinuous course, which is due to the presence of
alternate bars. Sinuosity (length of the river/length of the valley axis) reaches
values close to unity, both in case of moderate and flood flow. Single channels
mainly originate in highland areas, where slopes are very steep (3-5%) and
there is plenty of coarse-grained sediments (gravel, pebbles and rocks). In
mountain regions single channels flow into the narrow bed of V-shaped valleys
and generally they are included in an undeveloped alluvial plain. A very
common morphological characteristic one may observe in mountain streams is
the sequence of riffle-pools, that is very steep tracts having moderate water
surface elevation followed by flatter stretches having higher water surface

elevation. The distinctive alternation of riffle-pools is linked to lateral bars and
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sometimes to longitudinal medians. The portion of the upstream bar (head of
the bar) has coarser sediments, as it is directly affected by the current; on the
contrary the downstream stretch (tail end of the bar) is characterized by finer
sediments. These substances tend to float and during flood events they can
move, dissolve and re-create thus constituting a vital and irreplaceable element
in river dynamics. When slopes are steeper, more than 4%, and the grain
distribution of the river is various, riffles shorten and originate step-like
morphological unit (szep). In these stretches the cross section becomes rather
terraced; there are step-pools sequences, that is bed entities where the step is
composed of tightly stuck rock groups extending across the current in such a
way to create a sort of terrace, while the pool is the space between one step and
the other at a water surface elevation that varies from upstream towards the
downstream side (Montgomery e Buffington, 1997). They are stable struct