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ABSTRACT: Flow resistance due to vegetation may greatly affect the conveyance of a channel, and thus
evaluating the resistance is a critical task in river engineering and restoration. Therefore, flow resistance of
natural willows and sedges was studied in a laboratory flume. The aim was to investigate, how type, density
and combination of vegetation, flow depth and velocity influence vegetal drag or friction losses. Friction fac-
tors, f, and vegetal drag coefficients, C';, were determined for a selection of 170 test runs. The results showed
large variations with depth of flow, velocity, Reynolds number and vegetal characteristics. E.g. the vegetal
drag coefficient for the leafy willows was three to seven times that of the leafless willows. The experimental
drag coefficients for the leafless willows were compared to the values predicted by four methods, which were

developed based on theory and experiments on rigid cylinders.

1 INTRODUCTION

Ecological and aesthetic values are of great impor-
tance in modern river management, and herein natu-
ral riverbank and floodplain vegetation has a major
role to play. Recently, river restoration has become a
common practise in several countries (e.g. Brookes
& Shields 1996). In addition, ‘softer’ alternatives to
earlier engineering solutions such as bioengineering
are increasingly favoured. Thus, assessing the flow
resistance caused by vegetation is a critical task in
this development.

For large part research on vegetal resistance has
focused on rigid and cylindrical roughness or grass
linings in irrigation and flood channels. Less is
known about the effects of plant shape and flexibil-
ity and alternating flow depth. The aim of this paper
is to study flow resistance of partially and fully
submerged natural vegetation. For this purpose liv-
ing willows and sedges were investigated in a flume.
In the first phase emphasis is put on analysing flow
through the leafless willows. In the second phase the
effect of leaves will be assessed.

The experimental results of the friction factor and
the vegetal drag coefficient show large variations
with the Reynolds number, depth of flow, flow ve-
locity, and vegetal characteristics. Experimental data
are used to test the applicability of four methods,
which were developed based on experiments and
theory on cylindrical elements, to estimate the drag
coefficient and friction factor for leafless willows.

2 LITERATURE REVIEW

Li & Shen (1973) studied effects of tall non-
submerged vegetation on flow resistance by investi-
gating the wake caused by various cylinder set-ups.
Experimental results indicated that different patterns
or groupings of cylinders significantly affected flow
rates. Petryk and Bosmajian (1975) presented a
model to estimate Manning’s # as a function of hy-
draulic radius and vegetation density for unsub-
merged rigid vegetation. For non-submerged vegeta-
tion Lindner (1982) extended the work of Li & Shen
(1973) resulting in a method to compute the drag co-
efficient, Cy, for a single plant in a group, and fur-
ther the friction factor for the vegetation, f,. The
method to quantify f, utilised, in addition to Cg
readily measurable physical properties: longitudinal
and lateral distances between the plants, and the
plant diameter. A further development was to deter-
mine C, through an iterative process including em-
pirical relationships from experiments on rigid cyl-
inders (Pasche 1984, Pasche & Rouvé 1985).
Mertens (1989) and Nuding (1991) simplified Lind-
ner’s approach assuming that a constant C, value of
1.5 is valid for most practical cases. However, to re-
late the projected plant area more closely with the
actual dimensions of the plant, Nuding (1991) sug-
gested a simple method to account for the branches
separately from the main stem. All these methods
basically treat plants as cylinders.

Kouwen & Unny (1973) developed a method to
estimate the roughness for flow over submerged and
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flexible grass, which was simulated using plastic
strips. They concluded that the friction factor was a
function of the relative roughness for the erect and
waving regimes, and appeared to be a function of the
Reynolds number for the prone roughness. Kouwen
& Fathi-Moghadam (2000) used coniferous tree sap-
lings in flume experiments and large coniferous trees
in air experiments to demonstrate that the friction
factor varied greatly with the mean flow velocity
due to bending of the vegetation and with flow depth
caused by an increase in the submerged momentum
absorbing area. The results indicated good correla-
tion of the friction factor with the flow velocity. In
like manner, Oplatka’s (1998) experiments on flow
resistance of tall flexible willows in a towing tank
showed that with increasing flow velocity the pro-
jected plant area perpendicular to flow rapidly de-
creased. For example, at the velocity of 1 m/s, the
projected area was only about 1/4 of the initial value
with no flow.

Wu et al. (1999) conducted experiments on simu-
lated vegetation under uniform flow conditions and
proposed a simplified model to estimate the vegetal
drag coefficient, C’;, for submerged and non-
submerged vegetation. The regression analysis indi-
cated that the important factors were the Reynolds
number, slope, and height of vegetation. The expo-
nent of the Reynolds number was defined as the
vegetative characteristic number. Under the same
Reynolds number, C’; was greater for the steeper
slope. Further, it was shown that Manning’s » for the
unsubmerged vegetation was independent of the
slope.

Freeman et al. (2000) reported a methodology to
determine flow resistance coefficients in cases of
submerged and partially submerged shrubs and
woody vegetation. Extensive flume experiments
were conducted for 20 natural plant species with
both homogenous and mixed plant spacings. Plants
were studied with and without leaves, but a density
measure such as leaf area index (LAI) was not re-
corded. Separate empirical regression equations
were developed for the submerged and partially
submerged cases with two formulations of the resis-
tance coefficient: Manning’s #, and the ratio of shear
velocity to mean velocity v*/v, where by definition
v¥ = (gRS)". According to Equation 1, v*/v is actu-
ally the square root of f/8. The critical parameter in
the regression equations is the plant stiffness
modulus, which can be estimated from the ratio of
the undeflected plant height to the plant diameter,
though field measurements are recommended.

3 THEORETICAL CONSIDERATIONS
3.1 Friction factor of vegetation

The advantage of using the Darcy-Weisbach friction
factor lies in its sound theoretical basis. As opposed

to Manning’s n or Chezy’s C the friction factor is a
dimensionless parameter. However, the Manning’s
formula is widely used in engineering practise. For
open-channel flow the friction factor is defined in
hydraulics textbooks as

f=8gRS/V* (1)

where g = gravitational acceleration; R = hydraulic
radius; S = energy slope; and v = average velocity
over the cross-section.

Several researchers have used the additive prop-
erty of the friction factor to determine the total fric-
tion factor for vegetated channel parts as a sum of
the channel boundary friction factor, f;, and vegetal
friction factor, f,. In densely vegetated channels f; is
usually small and may be omitted. The challenge is
the determination of the parameter f,. One approach
is to use equations such as (Lindner 1982)

4d h
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where & = flow depth; d, = diameter of the plant; a;
longitudinal distance between the plants; a, = lateral
distance between the plants; and C; = drag coeffi-
cient. This type of formulation was originally devel-
oped for rigid cylinders simulating tall trees, but the
use has been extended for other types of vegetation.
However, for natural plants the determination of the
projected area and the drag coefficient is difficult as
these two parameters are coupled. With increasing
flow velocity plants will bend and streamline, which
will decrease the projected area and alter the drag
coefficient. The vegetal drag is discussed in the next
section.

3.2 Vegetal drag coefficient

In fluid mechanics the drag force, which acts on a
surface area 4, measured perpendicular to the direc-
tion of the flow, may be defined as

1
Fy =5 PCadyV’ 3)

where p = density of the fluid; C,; = drag coefficient;
A, = projected area; and v = average velocity. The
drag coefficient sums up pressure and friction drag.
The pressure or form drag is caused by the differ-
ence between the high pressure upstream and low
pressure downstream of an element. The friction or
surface drag is caused by the shear stress acting over
the surface of an element. According to standard
fluid mechanics texts the ratio of form drag to sur-
face drag depends on the shape of the element and
the flow condition. In fully turbulent flow with a
thin boundary layer, the pressure drag will drop sub-
stantially compared to laminar flow, caused by flow
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separation. Furthermore, streamlining will sharply
reduce the pressure drag.

To estimate the drag force on the unsubmerged
willows in this study, the force balance for uniform
flow is extended for gradually varied flow by apply-
ing the momentum principle. The gravitational force
is defined as Fy = pg(4L)S, where S = energy slope;
A = average cross-sectional area; and L = length of
the channel reach. Assuming that the drag force ex-
erted on the boundaries of a densely vegetated chan-
nel is not significant compared to the drag force on
vegetal elements, implies that Fy = F,. Defining a
vegetal area coefficient, 1 = 4,/(AL), and a vegetal
drag coefficient, C'; = AC, and solving for C'y
yields (cf. Kadlec 1990, Wu et al. 1999)

,  2gS
c,=-£ o)

v

C’y is a bulk drag coefficient, which is a lumped pa-
rameter based on the total frontal area of vegetation
in the channel reach L, i.e. projected plant area per
unit volume. The disadvantage of this formulation is
that the vegetal drag coefficient has a unit of 1/m.
This drawback is because of the difficulties in defin-
ing the projected area for natural vegetation. It
should be noted that there are other alternatives to
define the reference area (e.g. wetted area, plan
area), which can significantly influence the com-
puted drag coefficient.

Combining Equation 4 with Darcy-Weisbach
equation (1) gives

Cly=f/4R )

4 LABORATORY INVESTIGATIONS

4.1 Experiments

Experiments were conducted in a 50 m long, 1.1 m
wide and 1.3 m deep glass-walled flume, which has
a fixed horizontal bed. The six-meter long test area
was located in the midway of the flume. At the
downstream end of the flume there was an over-flow
weir to adjust the desired flow depth. Water stage
and head loss along the test section was measured
utilising pressure transducers. Measurements were
averaged over a 60 s period.

A set of six discharges (Q = 40, 70, 100, 143,
201, 292 I/s) and seven flow depths at the approach
to the test area, herein called the entrance flow depth
(ho = 25, 30, 40, 50, 60, 70, 80 cm), was established
for the study. For each test series 18 to 23 hy-Q
combinations were investigated. The experiments
were started with slender tufted-sedges. Thereafter,
willows were installed in the flume without roots in
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Figure 1. Spacing of the willows in the pattern Pa (left) and Pf
(right). Only half of the 6 m long test reach is shown (not to
scale).

two different patterns (Fig. 1) with the sedges. The
willows were investigated first with leaves and in
the next phase without leaves. In the last phase the
sedges were removed, and the leafless willows on
bare bottom soil were investigated.

The willows averaged 70 cm in length and 8.6
mm in diameter at 10 cm height from the bottom.
Based on small sampling the leaf area of the willows
per square meter of the bottom was estimated to be
3.2 m". The sedges were planted in small pots in a
staggered pattern averaging 512 stems/m’. In each
plant pot there were several stems of 3 mm in aver-
age diameter. Maximum stem length was kept at 35
cm by cutting. The experiments are described in de-
tail in Jarveld (in press).

4.2 Data processing

In all the experiments the flow was gradually varied.
Friction losses, Hy were computed from the flume
data using Bernoulli’s equation

2 2
Vi Vs
a—+h =a—+h,+H 6
2g T h Ayt H, (©)

where a = velocity distribution coefficient, and sub-
scripts 1 and 2 refer to upstream and downstream
sections, respectively. Further, by means of Equation
1 with § = HyL, friction factors were computed for
each test run. A constant f, value of 0.055 for the
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Figure 2. Vegetal drag coefficient as a function of the corresponding depth Reynolds number. Data are classified according to the
flow depth, 4,. Willow patterns Pa and Pf described in Figure 1. Note vertical scale.
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flume with no vegetation was subtracted to obtain
the friction factor of the vegetation. In Equations 1
and 5 the hydraulic radius was replaced with the
flow depth. Friction factors for the leafy willows
were derived by using the superposition principle.
The friction factors for the series with sedges only
were subtracted from the corresponding values for
the series with leafy willows and sedges combined.
Vegetal drag coefficients, C';, were derived from
Equation 4 or 5. In addition, for the leafless willows
dimensionless drag coefficients, C,, were deter-
mined using measured frontal area.

For leafless willows the projected stem and
branch area against the flow was determined by
means of digital imaging. Greyscale images of the
willows were produced against a white board, and
the images were transformed into black and white.
The projected area was derived by counting the
black pixels at 10 cm increments from the bottom.
Professional image editing software was utilised to
adjust a threshold level for the black pixels. A sam-
ple of willow stems with known diameters and geo-
metrically well-defined dark plastic and steel bars
was used as a reference for adjusting the correct
threshold level. This approach is expected give to
the projected area within ~5% error margin, which is
much less than the area variation between the indi-
vidual willows in the canopy.

4.3 Experimental results

For this paper data for 170 test runs were selected. In
all the test runs the willows were erect with minor
bending in a few experiments resulting in a 5-10 cm
reduction in the height of the tips. More important
than the bending of the main stems appeared to be
the streamlining of small branches and leaves at
higher velocities. Bending of the sedges was de-
pendent on the velocity and depth showing a wide
range of the deflected height. At low velocities the
sedges formed roughly an erect layer, but at higher
velocities a 12-15 cm thick waving layer was pro-
duced.

The range of the depth Reynolds number (= vA/v)
was 24200-177000, indicating that all the test runs
were above the laminar-flow range. The Froude
numbers were 0.25 at the maximum. The average
flow velocity (= Q/A) varied between 7.2 and 46.8
cm/s. The energy slope ranged between 0.0001 and
0.0127. The overall maximum values for the friction
factor were obtained when the Reynolds number or
the flow velocity were at their lowest, and the vege-
tation was just submerged or ~10 cm before full
submergence.

The friction factor and the vegetal drag coeffi-
cient were examined by plotting the parameters
against the corresponding Reynolds number, flow
velocity, flow depth, and relative submergence or
relative roughness. In Fig. 2 the vegetal drag coeffi-
cient is plotted against the depth Reynolds number
for ease of comparison.

5 FLOW RESISTANCE OF NATURAL
VEGETATION: ANALYSIS OF
EXPERIMENTAL RESULTS

5.1 Leafless willows

5.1.1 Projected area and characteristic diameter
Lateral and longitudinal distances between willow
bushes are reasonably easy to define both under
laboratory and field conditions. On the contrary, the
projected area or the momentum absorbing area
(MAA) is difficult to determine as bushes even in a
leafless situation exhibit a complex three-
dimensional structure. A brief compilation of vari-
ous approaches is presented by Fischenich & Dudley
(2000). The projected area of the leafless willows
used in the present study appeared to increase fairly
linearly with the increasing flow depth excluding the
base and tip regions of the plant (Fig. 3). The graphs
agree well with the visual observations of the plants.
A linear relationship between the area and depth was
formulated with a R? value of 98%.

Applying the linear relationship, the average pro-
jected willow area and the characteristic diameter, d,
= Ay/h, were computed for each test run. Herein the
characteristic diameter interprets the willow bush as
an imaginary rigid object, and may be used to char-
acterise d, in Equation 2. However, in reality willow
bushes are porous objects with overlapping
branches. For the present study, roughly 1/3 of the
total projected area of a willow was contributed by
the main stem. The characteristic diameter was ap-
proximately doubled to the stem diameter at the base
of the willow. Lindner (1982) found that the charac-
teristic diameter was usually two to three times the
stem diameter for wheat, sorghum and cotton.

5.1.2 Drag coefficient and friction factor

Drag coefficients for the leafless willows were com-
puted for 46 test runs. The average drag coefficients
with standard deviations in parentheses for the wil-
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Figure 3. Four examples of the dependence between the pro-
jected area of the leafless willows and the flow depth.
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Figure 4. Measured and predicted drag coefficient vs. the Rey-
nolds number based on the characteristic diameter. Constant
line of C; = 1.5 used in Mertens’ and Nuding’s methods is
shown for reference.

low patterns Pa and Pf were 1.55 (0.10) and 1.43
(0.12), respectively. The coefficients include the ef-
fect of the other willows, i.e. are dependent on the
willow pattern and density. Drag on single willows
(in idealised 2-D flow) was not studied.

The obtained values of the drag coefficients did
not show any distinct dependence on the Reynolds
number, either defined based on the characteristic
willow diameter (Fig. 4) or the flow depth. Nor did
doubling of the willow density have any significant
effect on the drag coefficient. For comparison,
Klaassen & Zwaard (1974) reported a mean drag co-
efficient of 1.5 for small branched fruit trees, but de-
viation of the data was much greater.

The experimental data were used to test the appli-
cability of the computational methods by Lindner
(1982), Pasche (1984), Mertens (1989), and Nuding
(1991) in case of leafless willows. These methods
were developed for determining drag coefficient and
friction factor based on theory and experiments on
cylindrical objects. However, in Nuding’s method
branches are taken into consideration separately
from the main stem. The key requirement of the suc-
cessful application of all these methods is the correct

determination of the drag coefficient and the diame-
ter of the plant.

Drag coefficients for the investigated willows
were computed using Lindner’s (1982) simplified
method and Pasche’s (1984) method. For the com-
putational details, the reader can refer to the original
publications or Rouvé (1987) as the relatively
lengthy procedures cannot be repeated here. The
vegetation density, @ = d,/(axa,) in Equation 2, was
redefined based on the characteristic diameter of the
plant, d.. The drag coefficient of a single cylinder in
an idealised two-dimensional flow, Cy., is needed as
a base value and is evaluated from the stem Rey-
nolds number. According to standard texts its value
usually is 1.0 or 1.2 for the present Reynolds number
range. Both methods underestimated the measured
drag coefficient (Fig. 4).

To gain a better understanding how the lateral
distribution of the plants affects the computation in
Lindner’s and Pasches’s methods, the values of d,
and a, were altered maintaining the measured pro-
jected area constant. It was observed that redistribut-
ing the projected area of a single willow evenly in
two to three imaginary adjacent cylinders appeared
to give a reasonable estimate of the drag coefficient.
The ratio of the characteristic diameter to the stem
diameter was determined to be in the range of two to
three (see previous section). Further investigations
revealed that Lindner’s method was fairly insensi-
tive to the chosen value of C,., but in Pasche’s
method it was an important parameter. Pasche’s
method may be able to estimate the drag coefficient
for various willow spacings if Cy., is determined for
a single willow instead of an ideal cylinder. How-
ever, the present data do not allow a thorough testing
of this hypothesis.

5.2 Leafy willows and sedges

The presence of leaves makes the determination
of drag coefficient and friction factor complex. Vo-
gel (1994) thoroughly discusses the topic and points
out that the major contributor to the drag of most
trees is the drag of the leaves, whether broad or nee-
dlelike. He performed experiments on individual
leaves and clusters of leaves and found that recon-
figuring or reshaping of the leaves was a critical
process in generating drag. Figures 2a-d depict the
importance of leaves on willows in contributing to
the vegetal drag.

For the leafy willows and the combinations of
sedges and willows, the vegetal drag coefficient is
dependent on the Reynolds number, but there is dis-
tinct variation between the test series (Figs 2c-h).
However, all these series show a decreasing trend
with increasing Reynolds number. The vegetal drag
coefficient for leafy willows appears to be three to
seven times that of the leafless willows for both wil-
low patterns. When the number of the leafy willows
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Figure 5. Presence of leaves affects significantly the flow resis-
tance. Friction factor vs. the relative submergence for leafy and
leafless willows (pattern Pa). The dashed line separates the
leafless and leafy cases.

doubles, the vegetal drag coefficient in average
slightly more than doubles for comparable flow con-
ditions (Figs 2c-d). However, the flow depth seems
to affect the ratio.

The results indicate that the resistance caused by
leaves is strongly dependent on the flow velocity
(Fig. 5). During the flume experiments it was ob-
served that when the willows were exposed to higher
velocities the leaves rolled or reconfigured into
cones and cylinders. This process of streamlining
did reduce both the frontal area and the wetted area.
Very little fluttering of the leaves was observed.
However, there was considerable variation in the
behaviour.

6 CONCLUSIONS

This paper presents an analysis of experiments on
flow resistance of natural floodplain plants. Resis-
tance caused by willows and sedges was investigated
in a laboratory flume. Flow depths were altered such
that the willows were partially or just submerged
while the sedges were mostly fully submerged. Fric-
tion factors, f, and vegetal drag coefficients, C'y (a
bulk parameter), were calculated from the measure-
ments. Drag coefficients, C,, were also determined
for leafless willows.

The projected area of the leafless willows was de-
termined by means of digital imaging, with an ex-
pected accuracy of ~5%. The projected area in-
creased approximately linearly with the willow
height, excluding the base and tip regions of the

plants. The ratio of the characteristic diameter to the
measured stem diameter at the base of the willow
appeared to be roughly two.

The experimentally attained values of f and C'y
showed large variations with the Reynolds number,
depth of flow, flow velocity, and vegetal characteris-
tics. For leafless willows the vegetal drag coefficient
was fairly independent of the Reynolds number. All
the other test series exhibited a decreasing trend. The
vegetal drag coefficient for the leafy willows was
found to be three to seven times that of the leafless
willows. When the number of the leafy willows was
doubled, the vegetal drag coefficient in average ap-
proximately doubled for comparable flow condi-
tions.

The average measured drag coefficient, C,, for
the leafless willows was 1.5. The measured coeffi-
cients were compared against the values predicted
by four methods, which were derived based on the-
ory and experiments on rigid cylinders. The methods
of Lindner (1982) and Pasche (1984) produced un-
derestimations in the case of willow bushes, as these
methods were originally developed for single-stem
trees. However, both methods have a rational theo-
retical basis, and potentially the methods may be
modified to compute the drag coefficient at least for
leafless bushes. Mertens (1989) and Nuding (1991)
suggest a constant value of 1.5 for most practical
river engineering cases. This assumption in general
cannot be justified despite its success in the present
case.

REFERENCES

Brookes, A. & Shields, F.D. (eds) 1996. River channel restora-
tion: guiding principles for sustainable projects. Chiches-
ter: John Wiley.

Fischenich, C. & Dudley, S. 2000. Determining drag coeffi-
cients and area for vegetation. EMRRP Technical Notes
Collection, TN EMRRP-SR-8. U.S. Army Engineer Re-
search and Development Center, Vicksburg, MS.

Freeman, G.E., Rahmeyer, W.H., & Copeland, R.R. 2000. De-
termination of resistance due to shrubs and woody vegeta-
tion. Technical Report, ERDC/CHL TR-00-25. U.S. Army
Engineer Research and Development Center, Vicksburg,
MS.

Jarveld, J. (in press). Flow resistance of flexible and stiff vege-
tation: a flume study with natural plants.

Kadlec, R.H. 1990. Overland flow in wetlands: vegetation re-
sistance. Journal of Hydraulic Engineering, 116(5): 691-
706.

Klaassen, G.J. & Zwaard, J.J. 1974. Roughness coefficients of
vegetated floodplains. Journal of Hydraulic Research,
12(1): 43-63.

Kouwen, N. & Unny, T.E. 1973. Flexible roughness in open
channels. Journal of the Hydraulics Division, ASCE, 99(5):
713-728.

Kouwen, N. & Fathi-Moghadam, M. 2000. Friction Factors for
Coniferous Trees along Rivers. Journal of Hydraulic Engi-
neering, 126(10): 732-740.

317



Li, R.-M. & Shen, HW. 1973. Effect of tall vegetations on
flow and sediment. Journal of the Hydraulics Division,
ASCE, 99(5): 793-814.

Lindner, K. 1982. Der Strémungswiderstand von Pflanzen-
bestcinden. Mitteilungen Leichtweiss-Institut fiir Wasser-
bau, No. 75. TU Braunschweig.

Mertens, W. 1989. Zur Frage hydraulischer Berechnungen nat-
urnaher FlieBgewdsser. Wasserwirtschaft, 79(4): 170-179.
Nuding, A. 1991. Fliesswiderstandsverhalten in Gerinnen mit
Ufergebiisch. Wasserbau-Mitteilungen, No. 35. TH Darm-

stadt.

Oplatka, M. 1998. Stabilitit von Weidenverbauungen an Fluss-
ufern. Mitteilungen der Versuchsanstalt fiir Wasserbau,
Hydrologie und Glaziologie, No. 156. ETH Ziirich.

Pasche, E. 1984. Turbulenzmechanismen in naturnahen
Fliefigewdissern und die Moglichkeiten ihrer mathema-

tischen Erfassung. Mitteilungen Institut fiir Wasserbau und
Wasserwirtschaft, No. 52. RWTH Aachen.

Pasche, E. & Rouvé, G. 1985. Overbank flow with vegetatively
roughened flood plains. Journal of Hydraulic Engineering,
111(9): 1262-1278.

Petryk, S. & Bosmajian, G.B. 1975. Analysis of flow through
vegetation. Journal of the Hydraulics Division, ASCE,
101(7): 871-884.

Rouvé, G. (ed.) 1987. Hydraulische Probleme beim naturna-
hen Gewdisserausbau. Weinheim: Deutsche Forschungsge-
meinschaft (DFG).

Vogel, S. 1994. Life in moving fluids: the physical biology of
flow. 2nd edition. Princeton: Princeton University Press.
Wu, F.-C., Shen, HW. & Chou, Y.-J. 1999. Variation of
roughness coefficients for unsubmerged and submerged
vegetation. Journal of Hydraulic Engineering, 125(9): 934-

942.

318



	Copyright: © 2002 Swets & Zeitlinger. Reprinted with permission from Bousmar D. and Zech Y. (editors), River Flow 2002. Lisse,
	Copyright 2: Swets & Zeitlinger, pages 311-318.


