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A B S T R A C T   

River flows are greatly influenced by floodplain vegetation with implications on hydrological and hydraulic 
conditions from cross-sectional to river reach scales. Flow models need to reliably reflect changes in the riverine 
environment, such as vegetation growth associated with altered flow regimes, increased sediment loads and 
eutrophication. Leaf area index (LAI) based approaches are increasingly used as tools to predict the flow resis-
tance caused by natural vegetation. However, current LAI-based modelling involves uncertainty at low and high 
vegetation densities and flow velocities due to a lack of research and validation at the outer ranges. The aim of 
this paper is to investigate the flow resistance for a mixture of flexible floodplain vegetation consisting of woody 
plants and understory grasses of low to high densities (LAI = 1–5) over a wide range of mean flow velocities 
(0.05–1.2 m/s) at low relative submergences of 1–2. A novel flume setup was designed by using high-accuracy 
pressure sensors to measure flow resistance and force sensors to measure plant drag forces. Flow resistance 
decreased by 35–90% when the submergence H/hv increased from 1 to 2, which is a highly relevant range for 
floodplain flows. The results provided new evidence that LAI-based modelling of vegetative friction factors can 
be reliably extended from low to high LAI values for non-submerged vegetation. However, adjustments to 
existing LAI-based approaches are required for water stages higher than the vegetation height. Furthermore, the 
friction by the understory grasses cannot be neglected as often assumed in literature especially for cases of low 
plant densities and low relative submergences.   

1. Introduction 

1.1. Flow-vegetation interactions in riverine environments 

The interactions between vegetation and river flows are complex and 
interconnected (e.g. Gurnell, 2014; Rowiński et al., 2018; Sukhodolov, 
2015). Many underlying processes of river flows are physically identical 
to other hydrological applications, such as overland flow routing and 
modelling of air flows for terrestrial vegetation (de Langre, 2008; Västilä 
et al., 2013). The vegetative drag forces increase the flow resistance, 
decrease the mean flow velocities thus raise water levels, and influence 
the mixing and transport processes (Aberle and Järvelä, 2013; Nepf, 
2012). Vegetated areas modify biogeochemical or hydrologic residence 
times by reduced flow velocities and increased turbulence intensities 
(Caroppi et al., 2019; Finnigan, 2000) and thus have important impli-
cations for water chemistry and quality (Findlay, 1995). Vegetation 
traps sediment, particulate matter and pollutants on floodplains (Man-
ners et al., 2015). Riparian vegetation takes up dissolved nutrients, and 
thus reduces eutrophication (Clarke, 2002; Luhar and Nepf, 2013). On 

annual and longer time scales, areas growing aquatic or riparian vege-
tation can act as a source or sink of sediments and pollutants (Naiman 
and and Décamps, 1997). Many river research and management pur-
poses require accurate estimates of the vegetative flow resistance e.g. to 
predict changes to water levels, channel geometry and geomorphology 
(Gurnell, 2014). This necessitates describing natural plants with suitable 
vegetative parameters for hydrologic and hydraulic analyses. Flow 
models need to address changing environmental conditions such as 
altered flow regimes and climate e.g. for environmental impact assess-
ment (EIA). Critical inputs for reliable modelling are the governing 
vegetative properties and the parameterizations describing the vegeta-
tive influence on the mean and turbulent flow. From river management 
point of view, there is a growing interest toward nature-based solutions 
(NBS) incorporating vegetation and to reduce adverse environmental 
impacts associated with conventional hard hydraulic engineering prac-
tices (Bączyk et al., 2018; De Vriend et al., 2015; Rowiński et al., 2018; 
Tockner and Stanford, 2002). 
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1.2. Vegetative flow resistance and its modelling 

The vegetation-induced roughness, flow resistance or drag is 
expressed in different ways e.g. according to the model dimension, 
typically using the Darcy–Weisbach friction factor f (−), Manning’s n (s/ 
m1/3) or Chezy C (m1/2/s) coefficient. Presently, many hydrological and 
hydraulic models rely on flow resistance values determined using 
literature or professional judgement and are prone to large uncertainty 
and errors. Firstly, the application of constant resistance values is un-
reliable because of the strong dependency of flow resistance on vege-
tation density, mean flow velocity and water level. However, flow 
resistance coefficients derived for simplistic vegetation, i.e. (Escarameia 
et al., 2002; Freeman et al., 2000; Nicholas Kouwen et al., 1981; Kouwen 
and Unny, 1973) are commonly used in 1D hydrological and hydraulic 
models for wide ranges of vegetation densities and mean flow velocities, 
e.g. (Berends et al., 2020). In rare cases the roughness coefficients are 
varied according to water depth to dynamically take into account the 
changes in vegetative resistance caused by plant flexibility or changing 
flow stage or (e.g. Kiczko et al., 2020; Perret et al., 2021). Secondly, it 
remains difficult to predict the vegetative flow resistance of natural 
floodplains typically growing a combination of diverse vegetation types, 
such as shorter grasses and taller flexible bushes, shrubs and trees 
(Antonarakis et al., 2010; Naiman and and Décamps, 1997; Richardson 
et al., 2007). This creates large variability in the vegetated character-
istics to be addressed in modelling applications and produces uncer-
tainty to models relying on the commonly adopted simplification of 
vegetation to rigid cylindrical elements (Baptist et al., 2007; Caroppi 
et al., 2019; Shields et al., 2017; Tanino and Nepf, 2008). 

To fulfil these gaps, improved flow resistance parameterizations 
have been proposed for various types of plants ranging from rigid stems 
to flexible foliated plants at different densities, flow velocities and 
submergences e.g. (Aberle and Järvelä, 2015; Rubol et al., 2018; Västilä 
and Järvelä, 2014; Whittaker et al., 2015, 2013). The vegetation density 
is increasingly expressed as the reference area per unit volume a (m−1) 
(Huai et al., 2014; Rahimi et al., 2020) or by the leaf area index (LAI) 
(Järvelä, 2002; Västilä and Järvelä, 2018). LAI is used in a broad range 
of models, including flow resistance formulas of Järvelä (2004) and 
Västilä and Järvelä (2014). Various definitions of LAI have been intro-
duced for different purposes. It is important that LAI is precisely defined 
to make reported results comparable (Aberle and Järvelä, 2015). In the 
present study the LAI is defined as the total one-sided leaf area AL of the 
plants per bed area AB (LAI = AL/AB). LAI can be derived using various 
destructive and non-destructive methods, such as ripping and measuring 
foliage area (Jalonen et al., 2013), or remote sensing methods such as 
terrestrial and airborne laser scanning and image analysis (e.g. Anto-
narakis et al., 2010; Jalonen et al., 2015) thus also allowing for a flow 
depth-related definition of LAI. 

Conventionally, the drag force (FD) is defined as FD = 0.5ρACCDUm
2, 

where CD is the drag coefficient, ρ the fluid density, AC is the charac-
teristic reference area, and Um the mean flow velocity. To account for the 
non-quadratic relationship with the velocity as a result of plant 
streamlining and reconfiguration e.g. (de Langre, 2008; Vogel, 1994), 
the drag force equation can be modified to Ftot = 0.5ρACCDχUm

2+χ where 
CDχ is a species-specific drag coefficient and χ the reconfiguration 
parameter (Jalonen et al., 2013; Järvelä, 2004; Vogel, 1994). Ftot scales 
with the velocity as Um

2+χ with the reconfiguration parameter χ 
describing the relationship between the drag force and flow velocity and 
typically varying between −0.2 and −1.2 (Jalonen and Järvelä, 2014; 
Västilä and Järvelä, 2014). 

The vegetative resistance by the woody vegetation can be incorpo-
rated explicitly in numerical modelling applications in several ways 
(Shields et al., 2017). f’’ describes the roughness in 2D depth-averaged 
models or represents plant-stand scale flow resistance. Alternatively, the 
vegetative resistance can be expressed as the bulk drag force Ftot, the 
drag-density parameter CDa (m2m−3) or drag-area parameter CDaH 

(m3m−3) (Ghisalberti and Nepf, 2009; Järvelä, 2004; Västilä and 
Järvelä, 2018). The flow resistance caused by a mixture of vegetation 
can be described using the superposition principle (Yen, 2002), which 
divides the vegetative flow resistance into friction by the understory 
grasses f’ and woody vegetation f’’. The contribution of the understory 
grasses is often neglected although it significantly contributes to friction 
especially at low densities of woody vegetation (Berends et al., 2020; 
Huthoff et al., 2007; James et al., 2004; Schoneboom et al., 2010). In 
practise, bulk values of f, n, or C combining all vegetation types are 
commonly used 1D in modelling applications. 

Recently developed LAI-based parameterizations have been imple-
mented in and hydraulic models, but further validation is required in 
real rivers (Dalledonne et al., 2019; Folke et al., 2019b; Kiczko et al., 
2020; Politti, 2017; Wang and Zhang, 2019). Most of these models are 
not yet readily available for end-users, and LAI-based models of vege-
tative flow resistance have been developed and validated only under a 
limited range of conditions. To address these shortcomings, research is 
needed on the flow resistance of floodplain vegetation under a wide 
range of mean flow velocities, densities and relative submergences of the 
vegetation, H/hv, where H is the water depth and hv the undeflected 
height of the vegetation. Most research is focussed on the intermediate 
vegetation densities and velocity ranges (Huai et al., 2014; Järvelä, 
2004; Wang and Zhang, 2019). For instance, parameterizations devel-
oped for woody vegetation have been validated only at a limited range 
of vegetation densities and at emergent and just submerged conditions 
(Västilä and Järvelä, 2018, 2014). Further high-quality experimental 
data are required to extend existing knowledge to conditions not 
adequately researched before but relevant for natural wetlands and 
vegetated floodplains, such as the full range of to low and high plant 
densities and flow velocities. 

1.3. Objectives 

The aim of this study was to improve understanding of vegetative 
flow resistance induced by a mixture of flexible terrestrial or riparian 
floodplain vegetation. The specific objectives were to:  

I) Determine the effect of LAI on vegetated flow resistance for a 
mixture of grassy understory and flexible woody vegetation 
from low to high vegetation densities (LAI ¼ 1–5). Experi-
ments were designed to cover a wide range of mean flow veloc-
ities (Um = 0.05 – 1.2 m/s) typical for wetland and river flows, 
but the outer ranges area rarely translated to flume experiments.  

II) Investigate the need and possibilities for decomposing the 
total vegetative flow resistance into resistance by woody 
plants and understory grasses. The analyses are based on in-
dividual drag force measurement and bulk flow resistance 
measurements.  

III) Explore the suitability of LAI-based flow resistance formulas 
for mixed floodplain vegetation at low relative submergence 
of H/hv ≈ 1–2, with a view on practicability in hydrological 
and hydraulic modelling applications. 

2. Methods 

Section 2.1 introduces the experimental runs to investigate the re-
lationships between the vegetative resistance, flow velocity, density and 
relative submergence. Section 2.2 describes the different types of 
vegetation used. Sections 2.3 and 2.4 cover the water level and force 
measurements that allowed for determining the drag and reconfigura-
tion parameters and friction factors. Section 2.5 describes the three LAI- 
based resistance approaches tested. 

2.1. Experimental runs and hydraulic conditions 

In total 80 experimental runs in the Aalto Environmental Hydraulics 
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Flow Channel were conducted to determine the vegetative resistance of 
a mixture of grasses and flexible woody foliated vegetation (Table 1, 
experiments A-C) and grasses (D). The LAI range of the present study 
was considered representative of low to high vegetation densities in 
lowland rivers in continental and boreal climates (Fig. 1). In the nature, 
a wide range of vegetation densities are found from almost none-existent 
up to LAI values as high as 18 (Asner et al., 2003). An LAI of 1–5 as 
investigated in this study, is common for vegetated floodplains but often 
not adequately reflected in modelling studies. 

The glassed-walled working section of the tilting flume was 16 m 
long, 0.6 m wide and 0.8 m deep. The downstream weir was used to 
control the water depth and all experimental runs were conducted with a 
horizontal bed slope for gradually varied flow. Two recirculation modes 
allowed for discharges up 300 l/s. The discharge was measured by 
electromagnetic flowmeters (0.5% accuracy). Ten pressure sensors 
tapped at the centreline of the bed were used to measure the water 
depths and surface slope. All data were recorded with a 20 Hz frequency 
by two National Instruments data acquisition systems, integrated and 
processed into an in-house developed LabVIEW program. 

2.2. Vegetation properties 

A 5.5 m long reach of vegetation with 3 cm tall grasses and 20 cm tall 
flexible woody plants was installed in the flow channel. The woody 
plants were placed in a staggered pattern of equal longitudinal (Sx =

12.5 cm) and lateral spacing (Sy = 12.5) (Fig. 2). The spacing was 
selected based on similar experiments with natural-like vegetation and 
natural floodplain conditions (Caroppi et al., 2019; Jalonen et al., 2013; 
Järvelä, 2004, 2002; Västilä et al., 2013). The relatively dense plant 
spacing limited the formation of preferential flow paths and addresses 

the concerns raised in the literature (Järvelä, 2002). The artificial plants 
were selected based on their biomechanical properties such as the 
flexibility and roughness and showed similar reconfiguration behaviour 
as natural floodplain plants (Caroppi et al., 2019). The plants were on 
average 20 cm tall and had a stem diameter of 4 mm corresponding to a 
projected stem area AS of 7.3 cm2. The number of stems and leaves were 
adapted for each density condition (see Table 1) resulting in plants with 
a one-sided leaf area AL of 150, 450 and 700 cm2 for the LAI 1.4, 3.8 and 
5.2 setups, respectively. The stems were bundled together using a 3D 
printed connection piece. This method was chosen to simulate natural- 
like thickets of bushy plants rather than producing a uniform distribu-
tion at a smaller spacing as commonly done in other studies (e.g. Västilä 
et al., 2013). The leaf to stem area ratio AL/AS ranged between 21 and 
31. In all setups, the stem area was low compared to the leaf area 
(3–5%). The total one-sided leaf areas per unit volume (aL = 6.5 to 24.8 
m−1, Table 1) were relatively large compared to the use of rigid cylinder 
as vegetation surrogates (a = 0.24–4 m−1) (Huai et al., 2014; Rahimi 
et al., 2020). The vertical density distribution was modified to reproduce 
vertical velocity profiles typical of natural floodplain conditions and the 
attained velocity profiles were similar to the reported profiles in the 
literature (e.g. Rahimi et al., 2020; Tang, 2019). The understory grasses 
were glued on the bed of the flume and had a density of approximately 

Fig. 2. Plant pattern with the longitudinal and lateral spacing between the 
foliated woody plants. The inserts depict the plant appearance at Um = 0.5 m/s 
for the three different vegetation densities defined by LAI. All dimensions are in 
mm unless otherwise indicated. 

Fig. 1. Conceptualization of real-world river cross-sections representing the six 
scenarios explored in this study. Each of the three growth stages (i.e. densities) 
of floodplain vegetation were investigated at just submerged (H/hv ≈ 1) and 
submerged conditions (H/hv ≈ 2). H is the floodplain water depth and hv is the 
height of vegetation. 

Table 1 
Experimental conditions: projected stem area per unit volume aS (m−1), one-sided leaf area per unit volume aL (m−1), one-sided grass area per unit volume ag (m−1), 
leaf area index LAI, longitudinal and lateral stem spacing Sx and Sy of the woody plants (m), number of stems per surface area m (#/m2), water depth H (m), relative 
submergence with reference to woody plant height H/hv (−), discharge Q (l/s) and mean flow velocity range Um (m/s).  

Experimental runs (total no.) aS aL ag LAI Sx Sy m H H/hv Q Um 

(m−1) (m−1) (m−1) (−) (m) (m) (#/m2) (m) (−) (l/s) (m/s) 

A (20)  0.31  6.5 56  1.4  0.125  0.125 75 0.2–0.4 1–2 6–274 0.05–1.2 
B (20)  0.55  17.3 56  3.8  0.125  0.125 150 0.2–0.4 1–2 6–274 0.05–1.2 
C (20)  0.82  24.8 56  5.2  0.125  0.125 225 0.2–0.4 1–2 6–274 0.05–1.2 
D (grass)(20)  –  – 56  –  –  – 4000 0.2–0.4 1–2 6–274 0.05–1.2  
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4000 stems per m2 and a one-sided area per unit volume ag of 56 m−1. 

2.3. Mean flow resistance measurements 

A novel setup of ten pressure sensors were used to measure the water 
levels along the streamwise direction of the vegetated reach (Fig. 3) 
which allowed to compute the friction losses by the vegetation. All runs 
were conducted under gradually varied flow conditions. The water level 
differences between upstream and downstream cross-sections were 
measured by a differential pressure sensor (0.1% accuracy) and two 
absolute pressure sensors (0.1% accuracy fs.). Eight additional pressure 
sensors (1% accuracy fs.) were used to monitor the water surface slope. 
After steady conditions were reached, water level measurements of a 
two-minute period were taken. The time-averaged values were used in 
further computations and analyses. The friction losses Hf were computed 
following the Bernoulli’s equation Hf = zUp + HUp +

αUm
2,Up/2g −zDown −HDown −αUm

2,Down/2g. Hup and Hdown are the water 
depths and zUp and zUp are the flume bed elevation for the upstream and 
downstream location, respectively. α is the velocity distribution coeffi-
cient (α = 1 herein) and g is the gravitational acceleration. The bulk 
vegetative friction factors f of the mixture of vegetation were calculated 
as f = 8gH/Um

2 ∙Hf/dx (Järvelä, 2002), where dx is the length between the 
upstream and downstream measured cross-sections. The friction of the 
understory grasses f’ (-) were estimated from a separate set of experi-
ments with the grasses only (D runs, Table 1). The measured friction 
factors of the bed with the understory grasses f’ are converted to Man-
ning’s n’ (n’ =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
[f ′

/8gH−1/3]
√

) and Chézy coefficient Cb (Cb =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅
[8g/f ′

]
√

) 
to ease comparisons with literature. Limitations in the pressure sensor 
accuracy caused minor uncertainties in the estimates of f’ especially at 
low mean flow velocities and large water depths. A maximum Cb value of 
50 m1/2/s was used in the comparisons as higher values were considered 
unrealistic. Separate measurements of the flow resistance by the foliated 
woody vegetation and understory grasses allowed for determining the 
friction by the understory grasses f’ and foliated plants f’’. The friction 
factors of the foliated woody plants f’’ were computed by subtracting f’ 
from the bulk friction f (f’’ = f-f’) assuming linear superposition prin-
ciple (Västilä and Järvelä, 2014; Yen, 2002). Data from experimental 
runs with very low friction losses (Hf < 1 mm) was excluded from the 
analyses as these measurements were prone to large uncertainties 
resulting from limitations in the measurement accuracy. The uncertainty 
of measured Hf was largest for combinations of low Um (Um ≤ 0.2 m/s), 
low LAI and relatively high water depths. 

2.4. Drag force measurements 

Drag forces Ftot (N) were measured by a 3 N force sensor (0.025% 
accuracy fs.) for single plants of different thicket structure (Fig. 2b) 
placed on the centreline of the flume in the absence of other plants. The 

force measurements were conducted under just submerged conditions 
over a wide range of mean flow velocities (Um = 0.1–0.8 m/s). This 
allowed for determining the parameters (drag and reconfiguration co-
efficients) of the tested LAI-based approaches (see Section 2.5). The 
voltage V output of the force sensor was scaled following a linear rela-
tionship obtained from a calibration curve specifically prepared for this 
case with very high linearity (r2 = 0.99). The signal was integrated and 
processed in the LabVIEW program. 

2.5. LAI-based vegetative flow resistance formulae 

For the present study, three resistance formulae utilizing the leaf 
area index (LAI) as a key input parameter were selected for detailed 
investigations: the approach by Järvelä (2004) referred to as JAR, the 
approach by Västilä and Järvelä (Västilä and Järvelä, 2014) referred to 
as VAS, and the approach by Baptist et al. (2007) that was modified by 
Dalledonne et al., (2019), referred to as BAP-modLAI. The methods were 
tested for accuracy and limitations under a setting of mixed vegetation 
at low relative submergences. The three LAI-based formulae were 
assessed by comparing the model results with the independent data of 
experimental runs A-C (Table 1). The JAR approach by Järvelä (2004) 
was developed for just submerged woody foliated vegetation with the 
Darcy–Weisbach friction factor f’’JAR defined as: 

f ’’
JAR = 4CDχLAI

(
Um

Uχ

)χ

(1) 

where Uχ is the reference velocity for dimensional homogeneity 
defined as the lowest flow velocity used in determining χ (herein Uχ =

0.2 m/s). LAI is defined herein as the total one-sided leaf area AL of the 
plants per bed area AB (LAI = AL/AB). 

The VAS approach by Västilä and Järvelä (2014) was developed to 

Fig. 4. The setup to measure the drag forces Ftot on the plants at just submerged 
conditions. The connection plug allowed for installing different plants with one 
to four stems and a wide range of foliage. The plants used in the LAI = 5.2 setup 
is shown here as an example. 

Fig. 3. Longitudinal view of the measurement setup (LAI = 5.2) showing the upstream and downstream cross-sections used to determine the friction loss Hf (Hf = ΔH 
+ Um,UP

2 /2g – Um,Down
2 /2g) . The placement of the pressure sensors are indicated by P1,…,P8. The differential pressure sensor and two high-resolution pressure sensors 

were connected at PUp and PDown. The non-uniformity of the flow is exaggerated for illustrative purposes. 
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take into account the seasonal changes in foliage and the differences in 
the flexibility between the woody plant parts and leaves. The approach 
is applicable for emergent and just submerged woody vegetation. The 
total vegetative friction f’’VAS by the woody vegetation is expressed as a 
sum of the friction due to the foliage and stem as f ’’ = f ’’

F + f ’’
S : 

f ’’
VAS =

4
AB

[

ALCDχ,F

(
Um

Uχ,F

)χF

+ASCDχ,S

(
Um

Uχ,S

)χS
]

(2) 

where AL is the one-sided leaf area and AS the total projected stem 
area. CDχ,F is the foliage drag coefficient corresponding to the charac-
teristic reference velocity Uχ,F, and χF is the foliage reconfiguration 
parameter. CDχ,S is the stem drag coefficient corresponding to the 
characteristic reference velocity Uχ,S and χS is the stem reconfiguration 
parameter.. 

The stem and foliage drag coefficients and reconfiguration parame-
ters needed in applying Eqs. (3) and (4) were derived from the drag force 
data of the single plants (see Section 2.4) as in Västilä and Järvelä 
(2014), Västilä and Järvelä (2018) by converting Eqs. (3) and (4) into 
drag force, i.e. Ftot = 0.5ρ[CDχ,F( Um

Uχ,F
)

χF AL + CDχ,S( Um
Uχ,S

)
χS AS]U2

m, and using 
the least square error method. The stem parameters CDχ,S and χS were 
fitted from the drag force data of leafless plants. Subsequently, the CDχ,F 
and χF values (foliage only) were fitted from the data of foliated plants 
(stems + leaves), and using CDχ,S and χS derived with the leafless plants. 
The reference velocity of 0.2 m/s (Uχ in JAR, and Uχ,S and Uχ,F in VAS) 
was used in the computations. When applying the JAR and VAS ap-
proaches to predict f’’, we used the parameter values obtained as 
average over the three plants of different density, with CDχ = 0.4 and χ =
−0.9 for JAR, and CDχ,S = 1.4 and CDχ,F = 0.4 along with χS = -0.25 and 
χF = −1.2 for VAS. 

The approach by Baptist et al. (2007) was developed for submerged 
vegetation, with the vegetative term accounting for the friction by the 
mixture of the vegetation and the logarithmic term accounting for the 
effect of relative submergence assuming a logarithmic velocity profile 
above the vegetation. The approach assumed that vegetation acts like an 
array of rigid cylinders with uniform properties. The vegetative drag 
term mDhv in the Baptist et al. (2007) model was substituted with½ LAI 
and the total Chézy friction factor CmodLAI was computed analogously to 
Folke et al. (2019a, 2019b): 

CmodLAI =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1

⎛

⎜
⎝ 1

Cb
2 +

1
2 LAICD

2g

⎞

⎟
⎠

√
√
√
√
√
√
√
√

+

̅̅̅g√

κ
ln

(
H
hv

)

(3) 

where, Cb the Chézy coefficient of the bottom, CD the drag coeffi-
cient, κ is the von Karman constant, hv the undeflected height of the 
vegetation and H the water depth. As in Baptist et al. (2007), we 
assumed CD = 1. 

Eq. (3) is based on the relationship between the vegetation density 
(diameter and spacing) and LAI as D/Δ2 = 1/2LAI/hv (Raupach et al., 
1991; Shields et al., 2017), where Δ is the unit bed area for a plant with 
longitudinal and lateral distances of Sx and Sy, respectively. This rela-
tionship assumes that leaves and stems are isotropically oriented and 
can be described with the same drag coefficient. Herein, we acknowl-
edge that the relationship between D/Δ2 and LAI is likely more complex 
because of reconfiguration, as shown by independent experimental data 
in Västilä et al. (2013). To be directly comparable to the VAS and JAR 
approaches, Eq. (3) was converted to the total Darcy–Weisbach friction 
using the standard definition of f = 8g/C2: 

fmodLAI =
8g
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We used Cb (Cb =
̅̅̅̅̅̅̅̅̅̅̅
8g/f’

√
) derived from the experimental runs D 

with the bottom grasses only (Table 1), separately for each case of 
relative submergence and mean flow velocity. The friction by the un-
derstory grasses f’ was measured directly from the water surface slope 
and computed as: f ’ = 8gH/Um

2∙Hf /dx, where Hf are the friction losses 
and dx the longitudinal distance. f’’modLAI was obtained by subtracting f’ 
from f. 

We compared the friction factors generated by the foliated vegeta-
tion (f’’) modelled by the JAR, VAS and BAP-modLAI approaches against 
the experimentally derived values (see Section 2.3) of the runs A-C. The 
measured f’’ was obtained from the total resistance f after subtracting 
the resistance by the bottom grasses f’ for each combination of mean 
flow velocity, density and relative submergence (Section 2.3). 

3. Results 

Section 3.1 addresses Objective 1, Section 3.2 Objective 2, and Sec-
tions 3.3 and 3.4 Objective 3. 

3.1. Mean flow resistance of the mixture of vegetation 

The Darcy–Weisbach friction factors scaled with the LAI of the 
mixtures of vegetation are shown as a function of Um in Fig. 5a. The 
vegetative friction decreased non-linearly with increasing Um for all 
tested conditions. The decrease of f with Um collapses together reason-
ably well for each examined relative submergence when normalized 
with LAI. The spread in f/LAI between the different vegetation densities 
within each investigated relative submergence is largest at the low flow 
velocities (Um = 0.05–0.1 m/s).The observed patterns correspond well 
to observations made in the literature for just submerged flexible 
vegetation (Jalonen and Järvelä, 2014; Järvelä, 2004, 2002). In cases of 
the vegetation mixtures with submergence of H/hv ≈ 2 the decrease of f 
with Um is flattened and does not show a typical exponential decrease 
but a closer to linear dependency. The f-LAI relationship is shown in 
Fig. 5b-c for four mean flow velocities (Um = 0.1, 0.3, 0.6 and 0.8 m/s). 
As expected, f scales about linearly with LAI over the full range of 
vegetation densities and mean flow velocities. A given increase in LAI 
increases f notably more at low Um with leaves and plants reconfiguring 
only slightly. By contrast, the reconfiguration decreases the influence of 
LAI increase on f more strongly at higher mean flow velocities. 

The ratio of the friction factors between H/hv ≈ 2 and H/hv ≈ 1 is 
shown in Fig. 6 for identical mean flow velocities between the two 
submergences for Um ranging between 0.05 and 0.6 m/s. Depending on 
mean flow velocity, an increase in H/hv from 1 to 2 resulted in a 30% to 
92% decrease in friction factor. The f-ratio increased linearly for low to 
high bulk flow velocities. Changes in LAI did not notably affect the f- 
ratios, as indicated by the minor spread between the different vegetation 
densities. These results indicate that the relative submergence affects f 
independent of LAI. However, in case of LAI = 1.4 the f-ratio deviates 
slightly from the linear f-ratio-Um relationship at low Um (Um < 0.2 m/s). 
This deviation was likely caused by a decreased reduction of the vege-
tative drag for lower density vegetation as result of high flow penetra-
tion into the vegetated part. 

3.2. Decomposing total resistance into resistance by woody vegetation and 
understory grasses 

The friction by the understory grasses was determined from separate 
friction tests (set D, Table 1) to provide insight into the resistance by the 
woody vegetation f’’ and by the bottom grasses f’. The friction by the 
understory grasses f’ is shown in Fig. 7 for increasing Um at the two 
relative submergences of the grasses, H/hg = 6 and 12, where hg is the 
height of the grasses. The friction factor by the grasses ranged between 
0.15 and 0.38 (n’ = 0.032–0.057) for the investigated combinations of 
mean flow velocity and relative submergence. The friction by the 
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understory grasses f’ increased with Um for both relative submergences 
while the increase was larger for lower H/hg. Doubling the water depth 
reduced the friction by the understory grasses to 38–55% depending on 

mean flow velocity. The reduction in f’ by doubling the water depth was 
larger for higher mean flow velocity (see Fig. 7). For example, f’ was 1.5 
times larger for Um of 0.6 m/s compared to an Um of 0.2 m/s. 

The ratio of the friction by the understory grasses to the total friction 
of the vegetation mixture f’/f is shown in Fig. 8. f’/f ranged between 2 
and 28% and increased for increasing mean flow velocity for all con-
ditions while the relative submergence primarily affected the observed 
relationships. For just submerged conditions at low Um the reconfigu-
ration of the plants was practically negligible with low f’/f indication 
higher shares of the resistance generated by the foliated plants. In 
comparison at higher Um the woody plants showed significant reconfi-
guration with a larger share of the friction generated by the understory 
grasses. At submerged conditions (H/hv > 1) the effect of the reconfi-
guration was less pronounced as f’/f was smaller. 

3.3. Plant drag force and species-averaged drag and reconfiguration 
parameters for VAS and JAR models 

The total measured drag forces Ftot on the single plants of increasing 
density or thicket appearance (corresponding to the LAI 1.4, 3.8 and 5.2 
setups) are shown in Fig. 9b for a wide range of mean flow velocities (Um 
0.1–0.85 m/s). In the case of the leafless plants, FS increased exponen-
tially with increasing mean flow velocity at low Um and linearly at in-
termediate to high Um (Fig. 9a). The increase in FS with Um follows the 
quadratic drag force equation, FD ∝ Um

2 reasonably well (r2 = 0.93–0.99) 
for most conditions. For the foliated plants, the increase of Ftot with Um 
showed a linear pattern at the low mean flow velocities (Fig. 9b). This 
can be explained by the reconfiguration of the leaves also at low Um. The 
contribution of the drag by the leaves to the total drag Ffol/Ftot decreased 
with increasing flow velocity due to the reconfiguration of the foliage. 
Ffol/Ftot ranged between 97% and 63% considering the velocity range of 

Fig. 5. a) Darcy–Weisbach friction factors f of the mixture of the vegetation normalized with LAI as a function of mean flow velocity Um. f-LAI relationship inserts for 
low to high mean flow velocities Um (0.1–0.8 m/s) at b) just submerged conditions H/hv ≈ 1, and c) at submerged conditions (H/hv ≈ 2). 

Fig. 6. The f-ratios corresponding to condition of H/hv ≈ 2 against H/hv ≈ 1 for 
comparable bulk flow velocities up to Um = 0.6 m/s. 

Fig. 7. Darcy–Weisbach friction factors of the understory grasses f’ for Um =

0.2–0.6 m/s and two relative submergences H/hg = 6 (black) and H/hg = 12 
(light grey) corresponding to the relative submergences of the mixture of 
vegetation of H/hv ≈ 1 and H/hv ≈ 2 (hv = height of the vegetation mixture), 
respectively. The error bars show the standard deviation of f’ based on the 
pressure sensor accuracy (±1 mm). 

Fig. 8. The ratio of the of the resistance by the bottom grasses to the total 
resistance f’/f as function of mean flow velocity up to Um = 0.6 m/s for just 
submerged conditions H/hv ≈ 1 (black) and at just submerged conditions (H/hv 
≈ 2, light grey). 
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Um = 0.1 to 0.85 m/s. The relatively large contribution of the friction by 
the leaves to the total plant drag originates from the relatively large leaf 
to stem area ratios used in this study (AL/AS ranged between 21 and 31). 
The contribution of the drag by leaves to the total drag Ffol/Ftot depends 
strongly on Um which agrees with the literature (Aberle and Järvelä, 
2013; Västilä and Järvelä, 2014). Generally, a plant with lower leaf area 
is more effective in terms of resistance compared to a plant with high 

leaf area (Vogel, 1994). However, sheltering effect of other leaves is 
more pronounced for plants of larger one-sided leaf areas and may 
compensate for some of the increased leaf area. 

The species-averaged drag coefficient CDχ and reconfiguration 
parameter χ (Eq. (1)) were on average CDχ = 0.4 and χ = −0.9, 
respectively. Minor differences were observed in CDχ and χ between the 
plants. CDχ ranged between 0.38 and 0.51 for the single stem plants and 
plants with three stems. This can be explained by the increase of the 
effective stem diameter that includes the stem and space between the 
individual stems which caused resulted in larger CDχ for plants with 
multiple stems. The plants consisting of a single stem and low one-sided 
leaf area (AL = 150 cm2) had a significantly lower reconfiguration 
parameter χ (χ = −0.7) compared to the plants with multiple stems and 
higher AL (χ = −0.9 to −1.2). The variation in CDχ and χ is larger for 
plants with low leaf to stem-area ratios (AL/AS < 30) because CDχ and χ 
are strongly depended on the leaf to stem-area ratios (Västilä and 
Järvelä, 2014). The averaged drag and reconfiguration coefficients of 
the stems and foliage (Eq. (2)) were CDχ,S = 1.5, CDχ,F = 0.4, and χS =

−0.25 and χF = −1.2, respectively. CDχ,S and CDχ,F ranged at 1.2–1.8 and 
0.38–0.5, respectively, between the plants containing a single stem and 
multiple stems. The stem and foliation reconfiguration parameter χS 
ranged at −0.2…−0.25 and χF at −1.1…−1.2. The variation in χS and χF 
was minimal for the different plants. Overall, the values correspond well 
to values derived for natural species (Västilä and Järvelä, 2018, 2014) 
with exception of CDχ,F which was twice as high compared to the natural 
average. The relatively high CDχ and CDχ,F of the plants used is likely the 
result of the less streamlined shape of the leaves, more rigid leaves and 
petiole in comparison to their natural counterparts. 

3.4. LAI-based modelling of the bulk vegetative resistance 

The flow resistance of the woody vegetation f’’ modelled by JAR (Eq. 
(1), Järvelä, 2004), VAS (Eq. (2), Västilä and Järvelä, 2018) and BAP- 
modLAI (Eq. (4), Baptist et al., 2007; Folke et al., 2019a, 2019b) ap-
proaches are plotted against the measured f’’ values in Fig. 10a for just 

Fig. 9. Drag forces FS and Ftot (N/m2) scaled with the projected stem area AS 
and one-sided leaf area AL as function of mean flow velocity Um at just sub-
merged conditions. The scaled drag forces on the leafless plants containing one 
to three stems (AS = 7.3–21.9 cm2) are shown in (a) and the foliated plants with 
one to three stems and 12 to 56 leaves (AL = 150–700 cm2) are plotted in (b). 

Fig. 10. a) measured versus modelled vegetative friction factors f’’ (−) for the BAP-modLAI (circles), JAR (squares) and VAS (stars) approaches at just submerged 
conditions H/hv ≈ 1, b) the relative differences between modelled and measured f’’ as f’’ = (f’’mod - f’’meas)/f’’meas, c) BAP-modLAI f’’ at relative submergence of H/ 
hv ≈ 2 for different LAI (JAR and VAS not applied for H/hv > 1), and d) relative differences between modelled and measured f’’ for BAP-modLAI. 
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submerged vegetation (H/hv ≈ 1). This allows for exploring the suit-
ability of the selected LAI-based approaches to predict f’’ for over a wide 
range of LAI and Um. Under just submerged conditions, the VAS and JAR 
models predicted f’’ reasonably well, while the BAP-modLAI had a 
notably weaker performance (Fig. 10a, b). The root mean square errors 
(RMSE) were 5.3, 3.2 and 2.0 and the and Nash Sutcliffe Efficiencies 
(NSE) were 0.31, 0.74 and 0.90 for the BAP-modLAI, JAR and VAS 
models, respectively. For VAS and JAR models, the relative differences 
between measured and modelled f’’ were reasonably low for most 
datapoints and ranged from −45% to +14%. For BAP-modLAI the dif-
ferences between measured and modelled f’’ ranged between −75% to 
+78%. The underprediction by VAS and JAR models at high resistances, 
i.e., at low velocities (Fig. 10b) were likely caused by the higher drag or 
less efficient reconfiguration of the plant stands compared to the single 
plants used for deriving the parameter values. The BAP-modLAI 
approach overpredicted the resistance at f < 7 while at higher re-
sistances f was underpredicted. 

Fig. 10c and 10d show the BAP-modLAI modelling results for sub-
merged conditions (H/hv ≈ 2). The JAR and VAS models were not 
applied to submerged conditions as they were developed for just sub-
merged or emergent conditions. The RMSE and NSE were 1.1 and −1.1, 
respectively while the relative differences ranged from −2% to −70%, 
with larger errors obtained with increasing f. This non-linear deviation 
indicated that BAP-modLAI approach was unsuitable to predict f for a 
mixture of flexible foliated vegetation at submerged conditions. This can 
be explained by the fact that the logarithmic term in Eq. (4) does not 
account for the vegetative reconfiguration with increasing mean flow 
velocity at low relative submergences. 

4. Discussion 

The increasing interest in river and water management towards 
nature-based solutions incorporating vegetation (e.g. Rowiński et al., 
2018) necessitates an improved understanding of flow processes on 
vegetated floodplains and wetlands. Vegetated flows are characterised 
by a wide range of velocities, e.g. 0.02–0.4 m/s in wetlands (Stern et al., 
2001) and with reported velocities up to 2 m/s for river floodplains 
(Folke et al., 2019b). 

The results of this study are useful for the understanding of flows on 
such vegetated floodplains and wetlands. The surrounding land use 
often limits the maximum allowable water levels, so that vegetation 
needs to be maintained to control the vegetative flow resistance. 
Removal of vegetation is often restricted to minimize risk damaging the 
ecosystem, to maintain the stability of the floodplain, and other regu-
lations. Natural growth of the vegetation in combination with mainte-
nance typically lead to flow modelling scenarios with low to high 
densities and low relative submergences, as investigated in this study 
(Fig. 1). 

4.1. Dependency of the bulk vegetative flow resistance on flow velocity, 
LAI and relative submergence 

Adding up to the existing literature, the new results in this study 
indicate that also under low relative submergence the vegetative resis-
tance is strongly influenced by the mean flow velocity and vegetation 
density (Aberle and Järvelä, 2013; Freeman et al., 2000; Järvelä, 2004, 
2002; Schoneboom et al., 2010; Västilä and Järvelä, 2014). The present 
study focused on the less researched range of just submerged to low 
submerged vegetation, whereas many others focus on emergent or just 
submerged vegetation (Västilä and Järvelä, 2018, 2014). However, 
floodplain flow conditions with low relative submergence of the riparian 
zone are common for moderate to large flood events. Therefore, new 
insights on the vegetative resistance of flexible floodplain vegetation at 
submerged conditions are considered valuable for increased under-
standing at the investigated range. The results indicated that relative 
submergence was a key factor in the prediction of the resistance. For 

example, neglecting the effects of increasing relative submergence at the 
investigated range (H/hv = 1–2) will result in overestimation of the 
vegetative resistance up to 65%, depending on mean flow velocity and 
vegetation density (see Fig. 6). In this study the vegetative resistance 
decreased more rapidly at low mean flow velocity compared to high 
flow velocity (see Fig. 5) as a result of the reconfiguration of the vege-
tation. The effect of the relative submergence on the f-Um and f-LAI re-
lationships results from the fact that part of the flow is conveyed above 
vegetation and thus not subjected to vegetative flow resistance, which 
decreases the total flow resistance according to the momentum balance 
e.g. (Luhar and Nepf, 2013). The observed f/LAI - H/hv dependencies 
(see Fig. 5) can be extended to other scenarios of comparable foliated 
woody vegetation. This may be useful e.g. in the design and manage-
ment of vegetated channels in the case when LAI can be estimated but 
available resources restrain a more detailed analysis or if only a rough 
approximation of the flow resistance is required. From the practical 
viewpoint, the influence of vegetation density and flow velocity on f are 
substantially lower at H/hv ≈ 2 compared to just submerged conditions 
(Fig. 4). Therefore, if LAI is unknown but falls within the presently 
examined range of LAI = 1–5, the presented f-H/hv relationships 
(Fig. 5c) can be useful for flow resistance estimates in practical cases 
with H/hv ~ 2. At H/hv > 2 the effect of LAI and Um on the f-H/hv 
relationship is expected to be less significant due to the diminished 
contribution of the vegetative flow area to the total flow area, as more of 
the flow is conveyed above the vegetation. These results suggest that for 
combining the environmental and technical viewpoints, it is preferable 
to maintain the vegetation so that the relative submergence would be 
around H/hv ≈ 2 at flood conditions. This would lead to a notable 
decrease in water levels and improvement in flow conveyance compared 
to emergent or just submerged vegetation while preventing the need for 
ecologically harmful full cut (e.g. Bączyk et al., 2018). The obtained f/ 
LAI-H/hv relationships may slightly overestimate the flow resistance for 
natural vegetation which has more flexible leaves and petioles than the 
present artificial plants (see Section 3.3). Further uncertainty is intro-
duced by the fact that the vegetation type, structure, leaf to stem-area 
ratio, vertical drag density distribution, and turbulence are expected 
to influence the f-H/hv relationships (Okamoto et al., 2016; Siniscalchi 
and Nikora, 2013; Västilä and Järvelä, 2014). 

4.2. Need for decomposing the total friction into resistance by woody 
vegetation and understory grasses 

The results on the measured f and f’ are used to discuss the need for 
decomposing the resistance f into f’’ and f’. The friction by the grasses 
increased for increasing flow velocity and decreased for increasing 
relative submergence. This can be explained by that the understory 
grasses acted as a permeable wall where the momentum penetration 
within the bed increases with increasing velocity, which is equivalent to 
an increase in the effective bottom roughness as previously observed 
(Manes et al., 2012). The ratio of the friction by the understory grasses to 
the total friction ranged between 2 and 28% which is in line with values 
reported in the literature of experiments with flexible vegetation (e.g. 
5–25% in Schoneboom et al. (2010)). The relative submergence strongly 
affected this ratio and is an important factor to be considered in esti-
mates of the flow resistance by the understory grasses. This is especially 
true in the case of field studies where the friction by the understory 
contributes a relatively large share of the total friction (Berends et al., 
2020; Schoneboom et al., 2010). In the case of high plant densities, the 
friction by the understory grasses can be neglected, whereas in other 
cases e.g. (Berends et al., 2020; Huthoff et al., 2007) including this 
study, the friction by the understory grasses should be included in the 
total resistance. For example, Berends et al. (2020) found that the 
roughness was 38% higher in the case with understory vegetation in 
comparison to without understory. In practise, the understory grasses 
can be included in the estimate of bulk resistance as an additional 
resistance term or be incorporated by adjusting the LAI estimate. In field 
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observations with remote sensing methods the LAI of the understory is 
commonly part of the total LAI (i.e, as bulk LAI), e.g. (Jalonen et al., 
2013). In the present study, the bulk LAI was 3.1, 5.5 and 7 corre-
sponding to the LAI 1.4, 3.8 and 5.2 condition, respectively. Including 
the LAI of the understory into the bulk LAI would result in an increase of 
25 to 54% compared to LAI of the woody plants. Incorporating the un-
derstory grasses as an explicit roughness term such as f’ or Cb into 
existing resistance equations requires further experimentation focusing 
on the validity of the linear superposition assumption between the two 
vegetative terms (i.e. f’ and f’’). 

4.3. Modelling of the bulk vegetative resistance by LAI-based approaches 

Model predictions on river flows in both hydrologic and hydraulic 
contexts need to reflect reliably changes in the environment (e.g. 
vegetation growth due to altered flow regimes, changes in climatic 
conditions, and increased sediment and nutrient loads). As a part of the 
solution, improved tools and parameterizations are necessary to incor-
porate the effect of natural floodplain vegetation in investigating river 
and floodplain flows. Herein, leaf area index (LAI) is a promising mea-
sure widely used in a broad range of models in earth sciences, though not 
yet fully exploited in fluvial hydrologic and hydraulic analyses. There-
fore, three LAI-based models (JAR, VAS and BAP-modLAI) were tested 
with the data obtained in this study to validate their use under a wide 
range of LAI and mean flow velocities. The use of LAI in modelling 
vegetative friction proved to be advantageous compared to the use of 
conventional parameters (i.e. stem density, porosity) used in other 
studies, particularly when considering large-scale estimates of the 
vegetative resistance and in absence of field data. Wang & Zhang (2019) 
noted that if field data on vegetation are not available, the method of 
Järvelä (2004) that uses the LAI data from remote sensing is a feasible 
option to compute dynamic resistance factors. The separate consider-
ation of foliage and stem as in VAS approach is useful when the stem 
notably contributes to the resistance or when AL/AS changes through 
foliation and leaf shedding or through aging of the plants (see discussion 
in Västilä and Järvelä (2014)). The same equations and parameter 
values are applicable in different foliation conditions and can be used for 
modelling flow depth-dependent resistance below and above a canopy 
layer (Politti, 2017). Despite having more parameters, process-based 
methods are superior to non-dynamical resistance factors, when 
applied to vegetative conditions they were developed for (Kiczko et al., 
2020). An alternative approach is to treat vegetation characteristics, 
such as LAI (i.e., AL/AB) and AS/AB, as parameters that can be identified 
through the inverse problem if a few data points of the stage-discharge 
relationship are available for a specific river section or floodplain 
(Kiczko et al., 2020). For example, Kiczko et al. (Kiczko et al., 2020) 
successfully predicted the flow resistance of a vegetated compound 
channel at high floodplain water levels using the VAS model (Västilä and 
Järvelä, 2018, 2014) with the parameter values derived for low flood-
plain flows. 

In cases of non-submerged vegetation overall good similarity be-
tween modelled and measured f’’ values were obtained with the VAS 
(Eq. (2), Västilä and Järvelä, 2018) and JAR (Eq. (1), Järvelä, 2004) 
models, whereas the BAP-modLAI (Eq. (4), Baptist et al., 2007; Folke 
et al., 2019a, 2019b) provided notably weaker predictions. The JAR and 
VAS approaches resulted in reliable estimates of the vegetative drag 
from low to high LAI (1–5) and aL (6.5–24.8), particularly at medium to 
high flow velocities provided that the drag and reconfiguration param-
eters are available. Their applicability to lower submergences of H/hv =

0.3–1.0 has been demonstrated by Västilä et al., 2013). The parameter 
values are available for several typical riparian species and genera while 
the species-averaged parameter values are recommended for a mixture 
of species (Västilä and Järvelä, 2018). These vegetative drag parame-
terizations are physically solid and easy to implement in numerical 
models in terms of FD, f’’, n, CDa or CDaH as necessary for different use 
cases based on the equation presented by (Västilä and Järvelä, 2018). 

Our results suggest that it is possible to apply parameters derived with 
single plants to reach scale with plant stand of varying density. We 
acknowledge that mutual interactions between the plants are dependent 
on plant spacing and density (Tanino and Nepf, 2008), but based on our 
results (Fig. 5) the influence of mutual interaction was small and did not 
hinder the application of the LAI-based models. 

The less reliable performance of the BAP-modLAI model is mainly 
explained by the fact that it does not account for reconfiguration, which 
substantially influences the flow resistance. Reconfiguration of the 
plants and leaves result in changes in the vegetation height and large 
changes in the drag density parameter CDa. At submerged conditions of 
H/hv ≈ 2 the BAP-modLAI approach was found unsuitable to predict f’’ 
reliably for flexible vegetation despite the logarithmic term included in 
Eq. (4) to account for the relative submergence of the vegetation. To 
arrive at a generally applicable approach for woody vegetation from 
emergent to high relative submergence, the VAS and JAR models should 
be developed to include the f-H/hv dependency. A straightforward 
alternative is to replace the CDmDhv or ½ LAI CD term of the BAP- 
modLAI approach by the parameterization of CDaH derived from Eq. 
(2) (Västilä and Järvelä, 2018) that accounts for reconfiguration- 
induced changes in drag. A further benefit of this modification is that 
it eliminates the need for the assumption of roughness density or frontal 
area index equalling half the LAI in Eq. (4) according to Raupach et al. 
(1991) and Folke et al. (2019a), Folke et al. (2019b). 

5. Conclusions 

Improved modelling tools are necessary to describe the flow resis-
tance effect of complex natural floodplain vegetation mixtures on river 
flows. In the present study, the new experimental setup with a mixture of 
flexible vegetation types and a set of high-accuracy pressure and force 
sensors proved to be suitable for determining the Darcy–Weisbach 
friction factors (f) for low and high vegetation densities over a wide 
range of mean flow velocities at low relative submergences (H/hv ≈

1–2). The results provided new evidence that leaf area index (LAI) based 
resistance modelling is reliable for non-submerged vegetation with a low 
to high LAI. So far there has been uncertainty in cases with LAI outside 
the medium range. The relative submergence strongly affected f which 
showed a decrease of 35–90% when the submergence H/hv increased 
from 1 to 2, which is a highly relevant range for riverbank and floodplain 
flows. The effect of the relative submergence on the flow resistance was 
strongly dependent on the mean flow velocity with the largest decrease 
in f for the lowest mean flow velocity. In contrast to practises reported in 
the literature, the flow resistance f’ by the understory grasses (up to 28% 
of the total resistance in this study) should be included explicitly to 
avoid significant errors in the total f estimates. Out of the three LAI- 
based models tested for non-submerged conditions, the JAR (Järvelä, 
2004) and VAS (Västilä and Järvelä, 2014) models performed notably 
better than the BAP-modLAI (modified from Baptist et al., 2007 by Folke 
et al., 2019a). The VAS and JAR models performed favourably partic-
ularly at medium to high velocities typical for flood flows where the 
influence of plant reconfiguration led to decreasing f’’ with increasing 
velocity. The VAS model resulted in the highest similarity between 
measured and modelled f’’ and was considered well-suited to predict f’’ 
for seasonally varying mixtures of floodplain vegetation. For conditions 
with submerged vegetation, the models require adjustments before they 
can be used reliably. This calls for further detailed investigations and 
model developments on flow resistance of natural floodplain vegetation 
focusing on the low relative submergences. 

CRediT authorship contribution statement 

Walter Box: Conceptualization, Methodology, Investigation, 
Writing - original draft. Juha Järvelä: Conceptualization, Writing - 
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