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Abstract: In terms of the hydraulic effect of plant flexibility, of particular note is the calculation
formula that was proposed by Kouwen, which combines the roughness of the riverbed with the plant
community parameter MEJ (including the modulus of elasticity). Kouwen’s method was developed
on the basis of laboratory experiments with low vegetation (grasses). According to the authors of this
work, the method can also be used to evaluate the resistance of medium vegetation (shrubs) deforming
under the influence of water flow. The main objective of the presented research was to verify the
application of Kouwen’s method in order to calculate the flow resistance coefficient λ for quasi-regular
formed plant obstructions (e.g., basket willow plantations). In a water laboratory, a comprehensive
study of the biomechanical and hydraulic properties was carried out for flexible shrubs in floodplains.
The results of the hydraulic measurements were compared with the results of the calculations that
were made by four various methods using the Chezy-Manning, Garbrecht/Pasche, Lindner/Kaiser,
and Kouwen formulas. For all of the flows through the vegetated zone that was tested, the best
results were obtained when using the Kouwen calculation procedure and the worst were found for
the Lindner formula, which did not include information on the plant flexibility.

Keywords: rivers; floodplains with plants; vegetation stiffness; flow resistance; drag coefficients

1. Introduction

The quality of a hydrodynamic model that is used to analyze the transformations
of a flood wave or for flood risk management may be affected by various parameters,
such as the roughness coefficients included in a mathematical description of the flow,
which is frequently assumed to be a priori based on respective tables [1,2]. It also plays an
important role in the parametrization of the model, the calibration, the optimization, and
the quantification of uncertainty [3,4]. Hydrodynamic models should consider not only
the spatial variability of the parameters, but also their variability in time resulting from
the river channel development [5,6]. For this reason, the provision of the most accurate
description of the factors influencing flow resistance needs to be attempted. One of the
most important factors shaping flood flow conditions in river valleys is the vegetation,
especially the trees and shrubs growing on river banks and floodplains [7–9]. In the
case of shrubs, flow disturbance depends mainly on the geometrical and biomechanical
characteristics of the plants [10–22], among which the stiffness of the stems, branches, or
trunks undoubtedly plays an important role. Its measure can be, for example, the elastic
modulus of the plants [7,15–17,22,23]. It should be noted, however, that in the case of an
area in a channel that is obstructed by plants, it is not about the flow of a single element,
but about the flow of the stream through a whole set (community) of such elements that
are appropriately distributed in the cross-section. Adjacent plants interact hydraulically
with each other. The stiffness of the entire plant community is also different compared to
that of a single stem [9,24–32].
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The problem of the hydraulic influence of plants has been addressed by numerous
scientific institutions worldwide for many years, and the results and reports of such studies
can be found in the literature, such as in publications [7,9–14,18–20,22–45].

In 1985, Bretschneider and Schulz published a paper [46] on the application of com-
putational formulas in order to determine the capacity of overgrown channels. In this
paper, they presented a division of vegetation into low, medium, and tall (Figure 1). Low
vegetation is vegetation whose height is much lower (hp << h) than the flow depth (e.g.,
grasses). Medium vegetation has a height that is comparable (hp = h) to the water depth
(e.g., shrubs), while the height of tall vegetation always exceeds (hp > h) the flow depth
(e.g., trees).
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Studies of shrubs—whether in nature or on models in a laboratory—are difficult to 
carry out and do not guarantee the obtainment of the general characteristics. The high 
variability in this type of vegetation would suggest the use of statistical methods in the 
computational methods. In engineering applications, this can be cumbersome. New ways 
of incorporating the effects of shrub flexibility on flow are constantly being sought, opting 
for multiple simplifications. In the existing calculation methods, one specific plant state is 
assumed. This state is appropriately characterized, for example, by the means of the veg-
etation cluster parameters that are included in the flow calculation formulas. However, 
medium-height vegetation in particular has a variable amount of leaves, branches, and 
geometry over time (e.g., depending on the season). The hydraulics of such vegetation 
obstructions change over time, as the density and the size of the vegetation changes, since 
shrubs increase in volume when they are growing. 

The lack of such general characteristics for plants on floodplains has already been 
pointed out in publications by Petryk and Bosmajian [34], Kaiser [29], and especially by 
Dalton et al. [36] and Klaassen’s research team in the Netherlands [37,38]. The latter, ad-
mittedly, attempted to take into account the variable density of hedgerows, but their study 
only dealt with the following two extreme cases: “hedges obstructed by hay” and “hedges 
not obstructed by hay”, which should only be regarded as an attempt to recognize the 
problem; the essence of their method being to treat the clusters of bush vegetation as plant 

Figure 1. Bretschneider’s division of plants: (a) medium (hp = h; e.g., shrubs), (b) low
(hp << h; e.g., grasses), (c) tall (hp > h; e.g., trees).

Studies of shrubs—whether in nature or on models in a laboratory—are difficult to
carry out and do not guarantee the obtainment of the general characteristics. The high
variability in this type of vegetation would suggest the use of statistical methods in the
computational methods. In engineering applications, this can be cumbersome. New ways
of incorporating the effects of shrub flexibility on flow are constantly being sought, opting
for multiple simplifications. In the existing calculation methods, one specific plant state
is assumed. This state is appropriately characterized, for example, by the means of the
vegetation cluster parameters that are included in the flow calculation formulas. However,
medium-height vegetation in particular has a variable amount of leaves, branches, and
geometry over time (e.g., depending on the season). The hydraulics of such vegetation
obstructions change over time, as the density and the size of the vegetation changes, since
shrubs increase in volume when they are growing.

The lack of such general characteristics for plants on floodplains has already been
pointed out in publications by Petryk and Bosmajian [34], Kaiser [29], and especially by
Dalton et al. [36] and Klaassen’s research team in the Netherlands [37,38]. The latter,
admittedly, attempted to take into account the variable density of hedgerows, but their
study only dealt with the following two extreme cases: “hedges obstructed by hay” and
“hedges not obstructed by hay”, which should only be regarded as an attempt to recognize
the problem; the essence of their method being to treat the clusters of bush vegetation
as plant obstacles where local energy loss occurs and to assign to them hydraulically
characterized plant obstacles and dimensionless local loss coefficients ζ.
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The procedures for hydraulic calculations [25,26,29,30], which are popular not only
in Germany, but also elsewhere, have been established primarily for tall vegetation, as it
is easier to describe. Such procedures are usually simulated by regularly spaced stakes
(cylinders) in the laboratory channel. Their essential hydraulic parameter is the coefficient
of frictional resistance λ. Much emphasis in these methods is placed on the phenomenon of
stream interaction in adjacent parts of the flow cross-section [28,30–32,35]. These methods
are also used in the case of medium vegetation, with some modifications in order to take
into account the specificity of the shrubs, e.g., [29,30]. This approach to the problem means
that, for shrubs, the methods of Pasche [27,28], Mertens [35], and Rickert [31] are often
limited by the range of applicability or give slightly underestimated values for the resistance
coefficients λ [9].

There are only a few research reports for the roughness coefficients of shrubs in the
subject literature. In macro-structural methods, the plant communities with different
concentrations can be determined from the mean or the extreme values of coefficient n,
which is given in tables. However, this requires some experience and is not without the
charge of subjectivity. An example of such utility tables, which was based on V.T. Chow [47],
was included in the work by Franzini et al. [48], among others.

Water flow involving both rigid and elastic vegetation is a highly complicated process [49].
Any mathematical description of this phenomenon requires different methods, including
vegetation parameters (trunk diameter, trunk spacing, modulus of elasticity) [50,51]. This
also has an impact on many factors that are related to the morphology of the floodplains,
the slopes, and the relief, as well as the following vegetation-related hydraulic properties:
the vegetation type, the size of the plants, the plant growth, the water depth, and the flow
velocity etc., [5,52–54]. Many of those factors are temporary or local in character [55]. They
may change in space and time. Additionally, they may change cyclically in time (e.g., plant
growth stages) or continuously during the growth period [56]. This variability may also
be natural [19], caused by climate change (e.g., due to water temperature), or result from
anthropopressure.

In analyzing the literature on the subject, it can be observed that low vegetation
(e.g., [9,22,23,42,45]) and tall vegetation (e.g., [18,26–31,34]) are well described, whereas
there is relatively less information concerning studies of the flow through communities
of flexible bushy vegetation and, above all, quantitative and qualitative hydraulic char-
acteristics of medium vegetation containing a parameter describing the plant flexibility.
Taking into account the hydraulic effects of this vegetation is important, for example, when
calculating the flow resistance, the capacity of the river channel, and the local damming
of the water level upstream of the vegetation zone. In engineering practice, vegetation is
characterized by hydraulic parameters in commonly used calculation formulas, which are
presented in detail in the next chapter of this paper.

2. Hydraulic Calculation Formulas

The effect of flexible rush and shrub vegetation on river banks and floodplains
(Figure 2) on the flow conditions depends not only on the geometry and the density of the
plant structure, but also on the biomechanical properties (e.g., modulus of elasticity) [1,7,10–16].
In the hydraulic calculation for steady flow in open channels using the popular Chezy-
Manning Formula (1), the “plant flow resistances” are taken into account by assigning them
the subjectively chosen roughness coefficients “n” as follows:

Q = v · F =
F
n
· R2/3

h ·
√

IE (1)

where Q—flow [m3/s], v—flow velocity [m/s], F—flow area [m2], n—Manning roughness
coefficient [m−1/3·s], Rh—hydraulic radius [m], and IE—energy line slope [-].
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The calculation methods for estimating the flow resistance and the discharge capacity
of overgrown channels may also be based on the so-called general flow law (which is
given below as the Darcy–Weisbach Equation (2)) v = f (λ, Rh, IE), where: v—flow velocity
[m/s], g—earth acceleration [m/s2], Rh—hydraulic radius [m], IE—energy line slope [-],
and λ—dimensionless resistance coefficient (friction factor) [-] as follows:

Q = v · F where v =
1√
λ
·
√

8 · g · Rh · IE (2)

and modifications of the Colebrook–White Equation (3) for open channels [25] are as follows:
1√
λ
= −2.03 · log

(
2.51

Re ·
√

λ
+

ks

14.84 · Rh

)
(3)

e.g., the simplified Equation (4) of Powell [39] (after Pasche [27,28]):

1√
λ
= −2 · log

(
ks

14.84 · Rh

)
(4)

where ks—equivalent roughness [m] and Re—Reynolds number [-], or more generally after
Kouwen [10–14,40] (5):

1√
λ
= a + b · log

(
Rh
ks

)
(5)

where a, b—empirical parameters [-].
In the shrub-covered river floodplain, the total flow resistance is exposed as follows:

1. The friction resistance on the surface of the bottom and the banks of the channel—λb (λ0);
2. The flow resistance of the plants (shape resistance)—λR

The total flow resistance coefficient λ is then calculated according to Formula (6):

λ = λb + λR (6)

The Kouwen Formula

The calculation Formulae (3)–(5), which are shown above, include the dependence of
the resistance coefficient λ (friction factor), among others on ks—the equivalent roughness
of the riverbed. Taking into account the influence of plant flexibility on the flow condi-
tions, special consideration should be given to the studies and the calculation formula of
Kouwen [10–14]. Based on the measurements of the flow resistance over flexible plastic
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cylinders, he expressed ks—equivalent (absolute) roughness as a function of the shear stress
that was induced by flow. The Kouwen analyses that were based on studies of low height
artificial vegetation were tested under flow conditions in channels with natural vegetation
(grass). This effect was the dependency ks = f (hp, Rh, IE, MEJ) with the following equation:

ks = 0.14 · hp ·


(

M·E·J
ρ·g·Rh ·IE

)0.25

hp


1.59

(7)

which combines the roughness of the channel ks [m] with the plant height hp [m], the
hydraulic radius Rh [m], the slope of the energy line IE (or I) [-], and, above all, the plant
parameter MEJ [Nm2] (where: M—relative planting density [-] and EJ refers to the “rigidity”
(flexibility) of a plant community. The moment of inertia of the cross-section J [m4] depends
on the geometry of the plants, and the modulus of elasticity E [Pa] is a characteristic that
specifies their elastic properties).

The Kouwen method was developed on the basis of laboratory studies using low-
height vegetation (grass) and plastic elements. According to Tymiński and Kałuża [7,15],
this method can also be used in order to determine the flow resistance of medium-height
vegetation (rush and shrubs) that is deformed by the water flow. This paper assesses
this problem.

3. Materials and Methods
3.1. Modelling Research

The correct determination of the flow resistance coefficient has a significant impact on
the results of the calculation of the discharge capacity of overgrown channels and is a prereq-
uisite for the development of a reliable mathematical flow model. Which calculation method
should be selected: the method of Chezy-Manning [47,57,58], Garbrecht/Pasche [25,42],
Lindner/Kaiser [25,26,29], or Kouwen [10–14]? The answer to this question was the main
objective of the presented research. The laboratory test aimed to verify the applicabil-
ity of the Kouwen method for shrubs, in particular by calculating drag coefficient λ for
quasi-regular formed plant obstructions, e.g., basket willow plantations (Figure 2). Within
the framework of the research grant, comprehensive investigations of the biomechanical
(MEJ) and hydraulic properties of flexible plants growing on a river floodplain were carried
out in the water laboratory. Laboratory experiments were required for such a vegetation
type. The modulus of elasticity and MEJ had to be determined for basket willows, in
view of the insufficient literature data. Vegetation with established elastic properties was
tested hydraulically in an experimental channel because experimental data were used as
empirical reference data to assess and verify the analyzed computational formulas. A
detailed description of the studies and results can be found in the publications of Tymiński
and Kałuża [7,15]. The hydraulic and biomechanical test stand is shown in Figures 3 and 4.

3.1.1. Research Stand

The research model (Figure 3) was a rectilinear symmetrical flume with a tripartite
cross-section. The length of the flume was 13 m, the total width of the cross-section was
B = 2.10 m, with a slope gradient of 1:1, and the width of each floodplain b = 0.60 m. The
maximum flow depth in the flume was H = 0.30 m. The longitudinal slope of the bottom of
the main flume and floodplains was constantly at 0.0003. A weir was built at the outlet of
the flume to regulate the water level.

The hydraulic experiments that were carried out in the lab consisted in the measure-
ments of depth and flow velocity for a given flow rate q. The water depth measurements
upstream and downstream of the plant zone on the floodplain were carried out using
piezometers installed along the study flume, additionally controlling the measurement
with water gauge needles. A circular measuring overflow (D = 379 mm) at the inlet to the
flume and a measuring tank in the basement of the building were used for flow rate mea-
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surements (Figure 4). The multidirectional measurements of the local velocity were carried
out by means of a programmable electromagnetic probe PEMS-E30 (with an accuracy of
±0.001 m/s). Each series of measurements was repeated, and the results were averaged.
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In the planned experiment, due to the feasibility of the specific testing conditions, only
the variants in which the plant height was approximately equivalent to the channel depth
were tested. In order to obtain variants with tall- and low-height vegetation, complete
submergence of vegetation (h >> hp) would be required to obtain the effect of low vegetation
or very shallow channel filling would be needed to simulate the role of tall vegetation.
Nevertheless, this was not the subject of this study, which instead focused on the elastic
effect of medium-height vegetation.

3.1.2. Hydraulic Parameters in the Plant Zone

In addition to measuring the total flow qtotal for the entire flow cross-section (Figure 4:
circular measuring weir), the flow value qK was also determined in the central part of
the flume, where there were no plants (Figure 3). In this case, the point velocity was
measured with the PEMS probe. The measuring verticals were located every 5 cm. In
each vertical there were 4–6 measuring points between the bottom of the flume and the
water surface. In total, the local velocity was measured at 72 points in 13 verticals. The
discharge qK was calculated using the graphical Harlacher method, according to [59]. The
value of flow through the plant zones on the left and right floodplains was calculated as
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the difference between the total flow and the flow in the part of the channel without plants
(2qR = qtotal − qK).
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The methods used to calculate the drag coefficients were verified for 3 different
flow rates qR in the plant zone in the left floodplain (Figure 3; Table 1). As an exam-
ple, detailed calculations are presented below for only one selected specific flow rate
qR = 0.0095 m3/(s·m).

Table 1. Summary of flume conditions to verify laboratory tests.

Hydraulic Parameters

qR m3/(s·m) 0.0072 0.0095 0.0105

h = f (q) m 0.072 0.092 0.099

F = f (q) m2 0.0460 0.0594 0.0650

Rh = f (q) m 0.0655 0.0765 0.0878

IE - 0.0003 0.0003 0.0003

nb m−1/3·s 0.012 0.012 0.012

ntotal m−1/3·s 0.050 0.050 0.050

All required values for the hydraulic parameters are given in Table 1, where: h = f (q)—water
depth, F = f (q)—flow area, Rh = f (q)—hydraulic radius, nb—roughness coefficient of the
bottom and banks of the channel, n = 1/kSt—replacement roughness coefficient for channel
and vegetation (kSt—Strickler coefficient), and IE—slope.

3.1.3. Parameters of the Vegetation Zone

The vegetation cover zone (Figure 3) was formed over a length of 2.0 m and width
of 0.6 m by natural willow branches with a diameter of 5 mm, spacing ax = ay = 0.05 m
(“chessboard”), and stem height of 0.30 m. The form drag coefficient of 1.1 is taken from
the literature [25,32]. The planting density was 239 stems/m2 (M), and the representative
modulus of elasticity was 3139 MPa. The flexibility of the vegetation zone was described
with parameter MEJ = 23.0 Nm2 [7,15].
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4. Results

Based on the results of the laboratory measurements, the flow resistance coefficient
λ was calculated. For the flume and vegetation zone conditions that are described in
Section 3.1, the Chezy-Manning, Garbrecht/Pasche, Lindner/Kaiser, and Kouwen methods
were used. Example calculations are provided below, and a summary of the calculation
results is shown in table in Section 4.4.

4.1. The Method of Garbrecht/Pasche (GP)

According to Garbrecht [42], the Strickler coefficient kSt [m1/3·s−1] can be calculated
from Formula (8):

kSt =
1
n
=

26

k1/6
s

(8)

Hence, the equivalent roughness ks [m] is as follows:

ks = (26 · n)6 (9)

Formula (9) makes it possible to determine the equivalent roughness ks, knowing the
Manning coefficient n, and thus to use a calculation procedure for the flow conditions based
on friction coefficient λ (Equations (4)–(6)) as follows:

1√
λ
= 2 · log

(
14.84 · Rh

(26/kSt)
6

)
← kSt =

1
n

(10)

1√
λ
= 2 · log

(
14.84 · 0.0765

(26/20)6

)
→ λ = 0.633

4.2. The Method of Chezy-Manning (CM)—Using Equation (1)

By comparing Formulas (1) and (2), we can apply the Manning coefficient of roughness
n that is used in the Chezy-Manning method in order to determine friction coefficient λ
as follows:

1
n
· R2/3

h ·
√

IE =
1√
λ
·
√

8 · g · Rh · IE (11)

1√
λ
=

R1/6
h

n ·
√

8g
=

0.07651/6

0.050 ·
√

8 · 9.81
→ λ = 0.463

4.3. The Method of Lindner/Kaiser (LK)

This method (Equations (12)–(14)) has been described in detail in publications [25,26,29–32].
It is popular and widely used in Europe, especially in Germany. The following points are
the main steps of this calculation procedure:

(a) The relative flow round the velocity (vi/vR):(
vi
vR

)2
= 0.6 + 0.5 · log

(
ax

ay

)
= 0.6 + 0.5 · log

(
0.05
0.05

)
= 0.6 (12)

where ax and ay—plant spacing (x—along and y—across the flow direction) [m].
(b) The drag coefficient of the plant community cWR (cW∞ = 1.1 according to [25,31,32]):

cWR = cW∞ ·
(

1 + 1.9 · cW∞ ·
dp

ay

)
·
(

vi
vR

)2
+ 2 ·

 1

1− dp
ay

− 1

 (13)

cWR = 1.1 ·
(

1 + 1.9 · 1.1 · 0.005
0.05

)
· 0.6 + 2 ·

[
1

1− 0.005
0.05
− 1

]
= 1.02
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(c) The drag coefficient of the vegetation zone (friction factor):

λR = 4 · cWR ·ω · Rh = 4 · cWR
dp

ax · ay
· Rh (14)

λR = 4 · 1.02 · 0.005
0.05 · 0.05

· 0.0765 = 0.623

4.4. The Method of Kouwen (K)—Using Equation (7)

The equivalent roughness ks of the vegetation that was studied here was calculated
using Formula (7). The so-called dynamic velocity v* [m/s] is determined by applying
Equation (15), and the dynamic critical velocity vk [m/s] (i.e., the minimum velocity of
the stream, at which the plants bend) is derived from the Kouwen empirical Formula (16)
as follows:

v∗ =
√

g · Rh · IE =
√

9.81 · 0.0765 · 0.0003 = 0.015 (15)

vk = min.

{
0.028 + 6.33 · (MEJ)2

0.23 · (MEJ)0.106 =min.
{

0.028 + 6.33 · (23.0)2

0.23 · (23.0)0.106 =0.321 (16)

The parameter Ω = v*/vk = 0.015/0.321 = 0.047 < 1.0, hence, in Equation (5): a = 0.15
and b = 1.85 (selected based on Table 2).

Table 2. Empirical coefficients a and b for Equation (5) (after [40]).

Ω = (v*/vk)
Parameter

a b

Ω < 1.0 0.15 1.85
1.0 < Ω < 1.5 0.20 2.70
1.5 < Ω < 2.5 0.28 3.08

2.5 < Ω 0.29 3.50

Table 3 shows a comparison between the values of the drag coefficients and the specific
discharge that were either measured or calculated from the Formulae (1), (2), (5)–(7), and/or
(10)–(14).

Table 3. Results of the study.

Method of
Calculation

Hydraulic Parameter

q = 0.0072 m3/(s·m) q = 0.0095 m3/(s·m) q = 0.0105 m3/(s·m)

Relative
Error RemarksDrag

Coefficient
(Plants)

Drag
Coefficient

(Total)

Specific
Discharge

Drag
Coefficient

(Plants)

Drag
Coefficient

(Total)

Specific
Discharge

Drag
Coefficient

(Plants)

Drag
Coefficient

(Total)

Specific
Discharge

λR λ q·100 λR λ q·100 λR λ q·100 δq/q
λb = 0.026

- - m3/(sm) - - m3/(sm) - - m3/(sm) %

Lindner/Kaiser 0.534 0.560 0.40 0.623 0.649 0.52 0.716 0.742 0.58 ~40 cw = 1.1

Garbrecht/Pasche - 0.516 0.42 - 0.633 0.53 - 0.773 0.57 ~40 n = 0.050

Chezy-Manning - 0.486 0.43 - 0.463 0.62 - 0.441 0.75 ~30 n = 0.050

Kouwen 0.153 0.179 0.70 0.176 0.202 0.93 0.201 0.227 0.103 ~2% MEJ = 23.0

Measured - 0.176 0.72 - 0.196 0.95 - 0.220 0.105 0 -

5. Discussion and Conclusions

The main criterion when evaluating the accuracy of each calculation method that was
tested (GP, CM, LK, and K) consisted in a comparison of the measured value of the flow
through the plant zone in the floodplain (qR) with the value of flow obtained from the
calculations (Table 3).

In the case that was studied here, the value of flow was determined primarily by the
flow velocity (Q = v·F), which in turn depends highly significantly on the flow resistance,
which is characterized in hydraulic calculations by the roughness coefficients. For the water
laboratory measurement, the coefficient of friction λ was determined by regression calculus.
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By analyzing the test results in Table 3, it was therefore possible to compare not only the
flow values, but also the values of the resistance coefficients.

Hence, it is clear that for all of the flows through the vegetated zone qR that were
tested, the best results were obtained when using the Kouwen calculation procedure and
the worst results were obtained for the Lindner/Kaiser formula (LK). For example, for
the flow for qR = 0.0095 m3/(s·m), the coefficient of friction that was calculated from the
Kouwen formula was λcalculated = 0.202, and this was the closest to the value that was
obtained from measurements λmeasured = 0.196. The reason for the poor results for the
Lindner/Kaiser method is likely that in practice the parameter cw for flexible plants takes
on values that are much lower than those for rigid cylinders cw < 1.1.

The publications by Petryk and Bosmajian [34], similarly to those by Klaassen [37,38],
also point out the extensive role that the adoption of a suitable value for a plant drag
coefficient cw plays and what discrepancies in its values can occur here. Lindner [26] also
indicated this problem for in situ measurements in fields with wheat. The resistance coeffi-
cients cw for wheat are clearly smaller than the value of cw = 1.0 that were recommended by
Petryk and Bosmajian [34].

In contrast, the effectiveness of the Chezy-Manning (Strickler) method depends signif-
icantly on the subjective determination of roughness n, which requires a certain amount of
skill and engineering experience. Of course, also in the case of this method, some modifica-
tions are known that improve the result, e.g., the interesting proposal of Indlekofer that
was described in [57], which concerns the correction of the Strickler coefficient (kSt = 1/n)
for mixed vegetation, i.e., flexible and rigid.

When comparing the computational methods, it should also be noted that Lindner’s
formula was derived for simulating rigid cylinder plants and, unlike Kouwen’s formula, it
does not include information on the flexibility of the community (MEJ) or the inclination of
the plants under the hydrodynamic pressure of the water flow. Hence, Kouwen’s method
more accurately reflects the actual flow conditions through the resilient plant zone.

Another, equally important, hydraulic parameter is the energy grade line, which, in
laboratory measurements, is frequently replaced by the channel bottom slope. In a study
by Kouwen [12], the longitudinal slope of the channel assumed various values (I = 0–0.030),
and this parameter was also included in Formula (7). The results of our investigations that
are presented in this paper refer to one, constant value of the longitudinal channel slope.
Still, laboratory and field tests were also conducted for other values of channel slope [1,44].
Comparable results and conclusions were obtained, which indicates the applicability of the
Kouwen method for other slopes.

Unfortunately, Kouwen’s procedure has some shortcomings. Among others, there
is no experimental characterization of plant deflection velocity (dynamic critical velocity)
as a function of the community elasticity (MEJ) for individual shrub species. Kouwen
developed such relationships only for grasses, while for shrubs they can possibly be used
(as in the above paper) in the case of comparable values of the MEJ parameter, the hp
heights, the dp stem diameters (of the shrubs and grasses that Kouwen studied). There
is also still limited literature on the modulus of elasticity for typical intercropped plant
species (especially shrubs). This implies a need for further research, especially regarding
the empirical relationships (11): vk = f (MEJ).

Taking into account the new ecological perspective on the presence of trees and shrubs
in floodplain areas and the requirements that are related to flood protection, it is reasonable
to strive to learn as much as possible about the phenomenon of the influence of plants
on the flow and to take it into account in engineering practice, especially in hydraulic
calculations where flow resistance coefficients play a fundamental role. Efforts should,
therefore, be made in order to determine the values of these coefficients in an optimal
way at all times, and the Kouwen calculation method that has been presented above is
one possible proposal for the calculation of these friction coefficients for flexible plants
in floodplains.
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44. Wolski, K.; Tymiński, T. Studies on the Threshold Density of Phragmites Australis Plant Concentration as a Factor of Hydraulic

Interactions in the Riverbed. Ecol. Eng. 2020, 151, 105822. [CrossRef]
45. Wu, F.-C.; Shen, H.W.; Chou, Y.-J. Variation of Roughness Coefficients for Unsubmerged and Submerged Vegetation. J. Hydraul.

Eng. 1999, 125, 934–942. [CrossRef]
46. Bretschneider, H.; Schulz, A. Application of Flow Formulas for Near-Natural Watercourse Development; DVWK-Schriften; Verlag Paul

Parey: Hamburg/Berlin, Germany, 1985; Volume 72. (In German)
47. Chow, V.T. Open-Channel Hydraulics; McGraw-Hill Book: New York, NY, USA, 1959.
48. Finnemore, E.J.; Franzini, J.B. Fluid Mechanics with Engineering Applications, 10th ed.; The McGraw-Hill Series in Civil and

Environmental Engineering; McGraw-Hill: Boston, MA, USA, 2002; ISBN 978-0-07-243202-2.
49. Caroppi, G.; Västilä, K.; Järvelä, J.; Lee, C.; Ji, U.; Kim, H.S.; Kim, S. Flow and Wake Characteristics Associated with Riparian

Vegetation Patches: Results from Field-scale Experiments. Hydrol. Process. 2022, 36, e14506. [CrossRef]
50. Västilä, K.; Järvelä, J.; Aberle, J. Characteristic Reference Areas for Estimating Flow Resistance of Natural Foliated Vegetation. J.

Hydrol. 2013, 492, 49–60. [CrossRef]
51. Armanini, A.; Righetti, M.; Grisenti, P. Direct Measurement of Vegetation Resistance in Prototype Scale. J. Hydraul. Res. 2005, 43,

481–487. [CrossRef]
52. Comiti, F.; Da Canal, M.; Surian, N.; Mao, L.; Picco, L.; Lenzi, M.A. Channel Adjustments and Vegetation Cover Dynamics in a

Large Gravel Bed River over the Last 200 years. Geomorphology 2011, 125, 147–159. [CrossRef]
53. Tabacchi, E.; Lambs, L.; Guilloy, H.; Planty-Tabacchi, A.-M.; Muller, E.; Dcamps, H. Impacts of Riparian Vegetation on Hydrological

Processes. Hydrol. Process. 2000, 14, 2959–2976. [CrossRef]
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