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Abstract: Decisions about flood protection and river réli@tion require prediction of the consequences of
each possible management alternative. To providl gredictions, an integrative model is requireat t
represents the cause-effect relations betweenalisation measures and morphologic, hydraulic acw e

logical consequences.

This paper describes theablycs submodel of such an integrative model. sThi

submodel is subdivided into four modules predictthgnnel morphology, gravel transport, velocitytriisi-
tion, and riverbed clogging. The channel morphglomdule predicts natural channel form based adma s
ple regression model of its dependence on easiiladble influence factors (valley slope, annuatharge,
and median gravel size). Morphology predictiores tlwen corrected by considering width constrairfihe

gravel transport module tests whether sufficieavgt is
or if a straight, incising river will result. A pameter

available for the development of gravelfeatures
describing the spatial velocity distribotis again

estimated with a simple regression on relevantiéfte factors. Finally, estimates of the extedtsaverity
of bed clogging are based on a model estimatingatemtion of fine particles carried by water iméiting the
gravel bed. This estimate is currently very uraiarts it depends on a number of uncertain inprarpe-
ters. A preliminary application of the hydraulmsbmodel to a reach of the Thur River in Switzedldem-
onstrates its utility for predicting important cexqsiences of river channel widening. The full indeige
model will be used, together with quantitative asseents of stakeholder preferences, for decisippasti

concerning revitalisation alternatives.
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1. INTRODUCTION

In the last 200 years, many river systems through-
out the world have been regulated and channelised.
These alterations have been conducted mainly to
enhance agricultural and urban areas, to enable or
facilitate river navigation, and to reduce flooding
risk. This has resulted in a dramatic reduction of
river floodplain area and loss of hydraulic and
morphological variability. This uniformity de-
creases the habitat quality for organisms living in
or near a regulated river (including algae and
macrophytes, meio- and makro-zoobenthos, fish,
and terrestrial flora and fauna). Thus, the biodive
sity, abundance, and biomass of organisms are
reduced and the functionality of the river ecosys-
tem is impaired.

In Switzerland, only about 10% of all rivers re-
main in a natural or near natural state [BUWAL
1997]. Therefore, there is a high need for ecologi-
cal rehabilitation, although most funding for river
construction has been granted for the purposes of

additional flood control. However, a recent federal
requirement to include ecological rehabilitation
measures in flood control projects has provided
new opportunities. To understand the ecological
and socio-economical consequences of river con-
struction projects and provide advice for future
efforts, the interdisciplinary “Rhone/Thur River
Rehabilitation Project” was recently initiated [Pe-
ter et al. 2004]. One subproject of this research
program is the development of an integrative
model  (IM)  predicting the  hydraulic-
morphological situation after river rehabilitation
and the resulting changes in the ecosystem. The
IM is in the form of a probability network [Pearl
1988] and represents the relevant cause-effect-
relations within and among the relevant biotic and
abiotic factors, leading to attributes of concewn t
the river system’s stakeholders (Figure 1). To-
gether with a model of the preference structure for
different levels of these attributes, the IM prasd

a comprehensive basis for decision support [Rei-
chert et al. 2004].



In this paper, we describe the hydraulic and mor- Van den Berg [1995] developed a truly predictive
phological submodel that provides the foundation method for distinguishing between multi- and
for predicting all the biotic and abiotic attribatef single-thread rivers that requires only the pattern
interest. We begin by outlining the model ap- independent properties of annual discharge, gravel
proach, then describe the model equations and size, and valley slope. Bledsoe and Watson [2001]
implementation, and finally demonstrate applica- made this approach probabilistic by fitting a legis
tion to a section of the Thur River, Switzerland. tic regression to data from 127 unconstrained,
gravel-bed rivers. Of the several fitted relation-
ships, we chose one which gives the probability,
pm, Of @ multi-thread pattern as,
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where Jy is valley slopeQ, is annual discharge
_ _ (m’s?), and dso is median gravel diameter (m)
Figure 1. Submodels and structure of the integra-  [Bledsoe and Watson 2001].

tive river rehabilitation model
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We used equation (1) to predict the natural ten-

2 MODEL DESCRIPTION denpy of a river in the absenqe of width con-
_ ~_ straints, such as along-channel dikes. To determine

The development of an IM requires scientific  the effect of constraints, the hypothetical uncon-
knowledge in a variety of forms including litera-  strained width was first estimated for each channel
ture flndlngs, experlmental and field data, other pattern from a regression on discharge, Va”ey
models, and, in the absence of other information, sjope, and gravel diameter using the data of
expert assessment. The principal motivations for Bledsoe and Watson [2001]. The resulting model

implementing the IM as a probability network are  (n=153) yielded, for multi-thread rivers,
the simplicity of combining different sources of

information to represent cause-effect relations, th Wbt = 251[@5?'49 msoo'76 L&y,
ability to simultaneously consider different sphtia
and temporal scales, and the ability to explicitly
include uncertainties in model inputs, structurd an Wy = 185[Q2%° [&,,
outcomes [Borsuk et al. 2004].

and, for single-thread rivers, (2)

wherewy; is bankfull width (m), assumed to occur
Because all biotic endpoints of interest (including at annual discharge, and, is a lognormally-
terrestrial fauna, riparian vegetation, aquatic-ben distributed error term with median zero and geo-
thos, and fish) are influenced by hydraulics and metric standard deviation of 1.75. Valley slope
river morphology (see Fig. 1), model construction was not a significant predictor for either river
began with this abiotic submodel. The focus was pattern, and gravel size was only significant for
on predicting variables that would be required as multi-thread rivers. The exponent on discharge
inputs for the biotic submodels including channel was not significantly different for the two river
morphology, gravel transport, velocity distribution  patterns (all at the 0.01 significance level).

and gravel bed clogging. These modules are de-

scribed in the following subsections. Single-thread rivers may be either straight, mean-

dering, or sinuous with alternating side bars. In
2.1 Channel Mor phology most locations, the space required to restore a
meandering pattern is impractical given present
land use. Therefore, we expect that rivers predicte
to be single-threaded according to equation (1) wil
be sinuous with alternating side bars unless the
constrained width is narrower than the width pre-
dicted by equation (2), in which case the rived wil
be straight.

River channel planform is an important model
endpoint on its own and is also a fundamental
determinant of hydraulic habitat characteristics.
Whether a river will be single- or multi-threaded
depends on the balance between stream power, bed
composition, and artificial width constraints [van
den Berg 1995]. While a number of researchers
have developed diagrams separating channel pat- Rivers predicted to be multi-threaded according to
terns based on flow-related parameters [e.g. da equation (1) might yet be single-threaded if width
Silva 1991], these have generally been descriptive, constraints are too severe. This can be checked
in that they require advance knowledge of the using the pattern diagram of da Silva [1991] for a
channel geometry, which is pattern-dependent. known gravel size, channel geometry and mean



depth at annual discharge. Width at annual dis-
charge is estimated from equation (2), accounting
for width constraints, and mean depth is estimated
using the equation of Strickler [1923],

(31

where J is channel slope (assumed here to equal
valley slope,),), ks is Strickler’s coefficient (s

Y, P is wetted perimeter (mA is cross-sectional
area (M), andQ is discharge (fs?). In applying
equation (3) we assumed that each channel of a
multi-thread river carries an equal amount of the
total flow and has a triangular cross-section that is
filled at annual discharge. For a single-thread river,
we assumed a trapezoidal cross-section with a
known angle of repose. Strickler's coefficieky,

is calculated as,

_ A
¢fdso

whereAg; is a constant with values reported in the
literature between 21 and 26/fs™.

®3)

Ket 4)

The number of channels expected in an uncon-
strained multi-thread river was predicted using the
relation identified by Robertson-Rintoul and Rich-
ards [1993] in an analysis of 21 braided rivers,

n, = round[1+ 552[{Q,J,) *°dg, "1  (5)

wheren, is the number of braids arlg, (m) is the
84" percentile of gravel size. To account for width
constraints, we multiply the number of channels by
the ratio of the constrained width to the natural
width predicted by equation (2).

Regardless of predicted morphology, mid- or side-
channel bars will not develop if gravel transport
out of the reach exceeds upstream gravel supply.
In such cases, we assume that an incising, single-
thread channel will eventually result. Incision may,
however, be prevented by the installation of weirs
and other bed stabilization measures or the reduc-
tion of upstream gravel retainment.

2.2 Gravel Transport

As mentioned above, the formation of gravel struc-
tures in a widened river reach depends on net
deposition of gravel. The upstream input is treated
as known, while the transport capacity within the
reach,Q, (m’s?), is calculated as the product of a
specific transport capacityg, (m’s’), and the
width, w (m),

Qp = wid,

The specific transport capacity
[Meyer-Peter and Miller 1948] as,

G = Py (s—Dgdd,

(6).

is estimated

()

where® is a dimensionless transport capac#ys
the ratio of sediment to water density, ant the
gravitational constant 9.81[s7.

The dimensionless transport capaciby can be
estimated from the bed load formula of Meyer-
Peter and Mdller [1948],

@ =8{g - 0.047)** (8)
whered is the dimensionless bottom shear stress,

(s—1) Ltlsg
andh is water depth (m), which can be estimated
for a given discharge from equation (3) with an
assumed channel geometry. To derive the annual
gravel input, we cumulate the daily inputs esti-
mated using daily discharge.

2.3 Velacity Distribution

The quality of habitat for aquatic biota is strongly
influenced by velocity characteristics. Both aver-
age and spatially distributed velocities are of rele-
vance. Spatial mean velocity, is calculated from
discharge and cross-sectional area,@Q/A The
spatial distribution of velocity can then be esti-
mated for a given mean velocity using the method
of Lamourouxet al [1995]. In a statistical analysis
of data collected from a diversity of streams, they
found that the spatial frequency distribution of
measured relative velocitw/,,) could be mod-
elled as a mixture of a centred (Gaussian) and a
decentred (mixture of exponential and Gaussian)
distribution with fixed distributional parameters. A
parameter describing the mixture between the
centred and decentred distributions could then be
expressed as a linear function of the relative
roughnessdsy/h) and the logarithm of the Froude
number ¢./(gh)*. An increasing relative rough-
ness leads to a more decentred distribution, while
an increasing Froude number leads to a more cen-
tred distribution. The accuracy and robustness of
the analysis of Lamourougt al. [1995] give us
confidence in directly applying their results to our
model.

2.4 River Bed Clogging

Fish and benthic species depend on the interstitial
gravel zones. Therefore clogging and clearance of
the bed matrix are crucial ecological processes.
Additionally, the content of fine particles in the
riverbed influences water exchange between sur-
face and ground water, thus affecting groundwater
regeneration.

Conceptually, we model gravel bed clogging as a
process that occurs over time at a rate which de-
pends on hydraulic and bed characteristics. The
clogging process is disrupted by the occurrence of
high floods which are accompanied by high bot-



tom shear stress. This disturbs the gravel bed ma-
trix and clears it of fines. This flushing occurs with
a calculable frequency for a particular river, and
the frequency together with the rate of clogging
will determine temporal extent and severity of
clogging.

The temporal progression of the build up of fines
between floods can be estimated from a calculation
of the volume of water filtered through the gravel

bed according to a simplified version of the for-

mula given by Schalchli [1993],

3
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whereV, is the volume of filtered water per unit
area (m#n?), Ah, is the pressure head between
channel and groundwater level (rReis the Rey-
nold’'s Number, is the hydraulic gradient,is the
time since the last flushing event (g)s kinematic
viscosity (mZs%), and C is the concentration of
suspended particles (kg?).

Va= (10)

The mass of fine particles retained in the bed ma-
trix, Mnes iS calculated as the product of the vol-
ume of filtered water and concentration of sus-
pended particles. The fraction of findges in the
riverbed is then calculated as,

Miine - VAC
Miines + Meoarse VAC + (1_ @ Hpsed

(11)
where Myarse IS the mass of coarse bed material

(kg), @is porosity,H is the depth of the bed layer
(m) (usually 0.1 to 0.3m, see Schalchli 1993), and

psea i the gravel density (Kin®). The percentage

f fines =

2.5 Model mplementation

The model described above was implemented
using a software program for evaluating probabil-
ity network models, e.g. Analytica [Lumina,
1997]. A sample of one thousand realizations was
drawn for each probability distribution represent-
ing uncertainty using Latin hypercube sampling.
The major inputs to the model (Figure 2) can be
derived from historical data for the river system of
interest, and the decision variables can be set to
values corresponding to current conditions, deci-
sion alternatives, or scenarios used for sensitivity
analysis.

Annual
Discharge

Morphology

Channel Gravel
— Transport

Velocity

River Bed
Distribution Clogging
Suspended Groundwater
Fines Level

Figure 2. The hydraulic and morphologic sub-
model as implemented in Analytica. Round
nodes indicate important input variables and
bold nodes indicate submodel components.

Discharge
Regime

3. FIRST RESULTSOF A CASE STUDY

A case study at the Thur River between the towns
of Weinfelden and Birglen, Switzerland, demon-
strates an application of the hydraulic submodel.

of fines can be used as a measure of the degree of Two scenarios are considered: (i) the present con-

gravel bed clogging.

A bottom shear stress of sufficient magnitude to
initiate bed disturbance and gravel flushifg, is
calculated according to Glnther [1971] as,

RY/
Op =6, [ﬁ SOD]
d50
where dsop is the median diameter of the upper
gravel bed layer (mYso is the median diameter of
particles lying on the river bed (m), afg is the

critical shear stress, assumed to equal 0.05 [Meyer-
Peter and Miiller 1948].

The water depth associated with a bottom shear
stress value of; can be calculated from equation
(9) and then related to a critical discharge using
Strickler’s formula (equation 3).

12)

ditions (leave the straight river width at 50m) and
(ii) possible river widening up to 200m. Table 1
summarises the principal site characteristics for
these scenarios (model inputs) and their uncertain-
ties.

Table 1. Mean, standard deviation and distribution
of model inputs at Weinfelden-Birglen

Model input Mean Std' Distribu-
ev. tion

Slope J [%o] 2.0 0.2 Lognormal
1-3gear flood Q 410 40 Normal
[m?/s]
dsp[cm] 29 0.5 Lognormal
dgo[cm] 6.8 Lognormal
Porosityg [%] 25 Lognormal
Bankfull width 50/ i i
Wit [M] 200
Angle of repose 45 ) )

(single-thread) |




As the logistic regression approach for predicting
river form (equation 1) assumes no width con-
straints, predictions of the natural river form ten-

dency is the same for all possible alternatives: a
24% probability of a multi-thread river and corre-

sponding 76% probability of a single-thread.

While, in general, the final channel morphology

additionally may depend on channel width con-
straints, in this case the probabilities above are
maintained after considering a 200m constraint
(Figure 3).

probability
80% -

60% -
40% -

20% -

braided

0%

alternating straight

Figure 3: Probability distribution of possible river
forms for a 200m river-widening.

Compared to the present state, the alternating river
reach would respond to an annual flood regarding
mean width and depth and dimensionless bottom
shear stress nearly identically (Table 2). However,

if a braided river reach were to develop, major

differences with respect to these hydraulic quanti-

ties can be expected.

Table 2: Predicted hydraulic properties for the
present state and the two possible outcomes
of the widening alternative at a one-year
flood (Q=410ni/s), assuming sufficient
gravel supply.

Present Widening
State Alternative
(50m) (200m)
Straight Alternating Braided
Probability - 76% 24%
Mean Width 36m 38m 200m
Mean Depth 4.6m 4.5m 1.2m
Mean® 0.2 0.19 0.05
# of Braids - - 2-3

Mean water depth, mean velocity and its spatial
distribution can also be calculated for discharges
below the annual flood, such as the mean dis-
charge (@=40nt/s) or dry weather discharge
(Qs4=8nT/s). For flows equal to or lower than
mean discharge no differences in mean velocity

and depth between the present state and a widening
with the consequence of alternating gravel bars
will occur (Table 3). This applies also for the
spatial distribution of velocity (Figure 4a,b). If a
braided river reach develops, significant distinc-
tions in comparison to the present state can be
expected for flows similar to mean discharge,
whereas for low stages the differences become
indistinct.

Finally, it should be stated that some important
differences between the two morphologies straight
and alternating exist: alternating gravel bars pro-
vide some refuges for benthic organisms (this can
be important during floods) and serve as important
pioneer areas for terrestrial flora and fauna. This
information will be propagated to the biological
models.

Table3: Predicted hydraulic properties for the
present state and the two possible out-
comes of the widening alternative for
mean and dry weather discharge,=Q
40nt/s and Q,=8nT/s, respectively.

Present Widening
State Alternative
(50m) (200m)
Straight  Alternating  Straight
mean depth
(Q=401¥/s) 1.0m 1.0m 0.5m
mean
velocity 1.5m/s 1.5m/s 1.0m/s
(Q=40n1/s)
mean depth ;. 0.4m 0.3m
(Q=8n7/s) : : :
mean
velocity 0.8m/s 0.8m/s 0.7m/s
(Q=8n7s)
Probability
density
0.8
0.0 ‘ ‘ T T ‘ ‘
0.0 1.0 20 30 40 50 6.0
velocity [m/s]

Figure 4a: Spatial velocity distribution for Q=40
m®/s (solid line=present state; dashed
line=200m widening single-thread (al-
most identical to solid line); dotted
line=200m widening, multi-thread).



Probability Bledsoe, B. P. and C. C. Watson, Logist[c anal;ae@isf
density channel pattern thresholds: meandering, braiding,
e and incisingGeomorphology 3281-300, 2001.
20 Borsuk, M. E., C. A. Stow, and K. H. Reckhow, A
i Bayesian network of eutrophication models for syn-

157y thesis, prediction, and uncertainty analy&isologi-
10 ‘| cal Modelling In press, 2004.
0.5 da Silva A.M.A.F., Alternate bars and related atlv

~ processes, Master of Science Thesis, Queen’s Uni-
0.0 - ‘ ‘ ‘ versity, Kingston, Ontario, Canada, 1991.
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velocity [m/s] Gunther A., Die kritische mittlere Sohlenschubsparmn

Figure 4b: Spatial velocity distribution for bei Geschiebemischung unter Bertcksichtigung der

Q=8n/s (solid line=present state; dashed
line=200m-widening,single-thread
identical to solid line); dotted

most

(al-

Deckschichtbildung und der turbulenzbedingten
Sohlenschubspannungsschwankung, Mitteilung Nr.3
der Versuchsanstalt fiir Wasserbau, Hydrologie und
Glaziologie, ETH Zirich, 1971.

line=200m-widening, multi-thread).

Lamouroux, N., Y. Souchon, and E. Herouin, Predggti
velocity frequency distributions in stream reaches,
Water Resources Research 2367-2375, 1995.

4. DISCUSSION AND CONCLUSIONS

The submodel presented in this paper predicts the

morphological and hydraulic changes resulting Lumina, Analytica for Windows, User's Guid¥ersion
from rehabilitation alternatives. In addition these 1.1, Lumina Decision Systems, Denver, US, 1997
predictions will be used in a next step as inputs to

the other submodels of an integrated river rehabili- Meyer-Peter, E. and R. Muller, Formulas for bedload
tation model of benthic and fish populations, ter- transport. Proc. IAHR 3rd Congress, Stock-
restrial vegetation, and shoreline fauna. Reichert et holm, 1948.

al. (2004) describe how the results of that inte-
grated model, together with value assessments of
possible outcomes of rehabilitation measures, will
support decision making. The validation of this
hydraulics submodel with real data will be started
in summer 2004 by another group of the
“Rhone/Thur River Rehabilitation Project” at both
the studied reach and at an adjacent reach of the Reichert, P., M. Borsuk, M. Hostmann, S. Schweiger,
river Thur. For detailed planning of construction Sporri, K. Tockner, and B. Truffer, Concepts of de-

. : : . cision support for river rehabilitation. Submittéal
work, a more detalled hydraulic study is required. the International Environmental Modelling and

Software Society conference (iIEMSs 2004), Os-
nabriick, Germany, 2004.

Pearl, J.Probabilistic Reasoning in Intelligent System,
Morgan Kaufmann, San Mateo, CA, 1988.

Peter, A., F. Kienast, and S. Nutter, The RhonerThu
River project: a comprehensive river rehabilitation
project in Switzerland, submitted, 2004.
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