
This is an electronic reprint of the original article.
This reprint may differ from the original in pagination and typographic detail.

Author(s): Västilä, Kaisa; Järvelä, Juha

Title: Modeling the flow resistance of woody vegetation using
physically-based properties of the foliage and stem

Year: 2014

Version: Final published version

Please cite the original version:
Västilä, Kaisa; Järvelä, Juha. 2014. Modeling the flow resistance of woody vegetation
using physically-based properties of the foliage and stem. Water Resources Research,
50, 1, 229-245. DOI: 10.1002/2013WR013819

Rights: © American Geophysical Union (AGU). Reprinted with permission.

This publication is included in the electronic version of the article dissertation:
Västilä, Kaisa. Flow-plant-sediment interactions: Vegetative resistance modeling and cohesive sediment
processes. Aalto University publication series DOCTORAL DISSERTATIONS, 220/2015.

All material supplied via Aaltodoc is protected by copyright and other intellectual property rights, and
duplication or sale of all or part of any of the repository collections is not permitted, except that material may
be duplicated by you for your research use or educational purposes in electronic or print form. You must
obtain permission for any other use. Electronic or print copies may not be offered, whether for sale or
otherwise to anyone who is not an authorised user.

Powered by TCPDF (www.tcpdf.org)

http://www.aalto.fi/en/
http://aaltodoc.aalto.fi
http://www.tcpdf.org


Modeling the flow resistance of woody vegetation using physically
based properties of the foliage and stem
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[1] Both the foliage and stem essentially influence the flow resistance of woody plants, but
their different biomechanical properties complicate the parameterization of foliated
vegetation for modeling. This paper investigates whether modeling of flow resistance
caused by natural woody vegetation can be improved using explicit description of both the
foliage and stem. For this purpose, we directly measured the drag forces of Alnus glutinosa,
Betula pendula, Salix viminalis, and Salix x rubens twigs in a laboratory flume at four
foliation levels, parameterized with the leaf-area-to-stem-area ratio AL/AS. The species
differed in the foliage drag but had approximately equal stem drag. For the foliated twigs,
increasing AL/AS was found to increase the reconfiguration and the share of the foliage drag
to the total drag. The experiments provided new insight into the factors governing the flow
resistance of natural woody vegetation and allowed us to develop a model for estimating the
vegetative friction factor using the linear superposition of the foliage and stem drag. The
model is novel in that the foliage and stem are separately described with physically based
parameters: drag coefficients, reconfiguration parameters, and leaf area and frontal-
projected stem area per ground area. The model could satisfactorily predict the flow
resistance of twig to sapling-sized specimens of the investigated species at velocities of
0.05–1 m/s. As a further benefit, the model allows exploring the variability in drag and
reconfiguration associated with differing abundance of the foliage in relation to the stem.

Citation: V€astil€a, K., and J. J€arvel€a (2014), Modeling the flow resistance of woody vegetation using physically based properties of the
foliage and stem, Water Resour. Res., 50, 229–245, doi:10.1002/2013WR013819.

1. Introduction

[2] Woody vegetation in the form of shrubs, bushes, and
trees is an integral part of the riparian ecosystems and an
essential factor in environmental river management. Vege-
tation provides habitat and nourishment for a wide range of
species, regulates stream temperature, traps suspended
sediment, takes up nutrients, and protects the soil against
erosion [e.g., Naiman and D�ecamps, 1997; Tabacchi et al.,
1998]. The presence of vegetation alters the flow field,
affecting, e.g., the mean velocity profiles, turbulence char-
acteristics, and mass transport [e.g., Nepf, 2012a; Siniscal-
chi et al., 2012; Sukhodolov and Sukhodolova, 2012].
Generally, vegetation increases the flow resistance and thus
raises water levels [e.g., Nepf, 2012b; Aberle and J€arvel€a,
2013]. Therefore, many design and management purposes
require reliable estimation of the flow resistance caused by
woody vegetation, preferably using physically sound and
readily measurable properties of the plants.

[3] Flow resistance processes of natural woody vegeta-
tion have been successfully described and parameterized
[e.g., Kouwen and Fathi-Moghadam, 2000; J€arvel€a,
2002a, 2004; V€astil€a et al., 2013], but a generally applica-
ble model representation is still lacking. The characteriza-
tion of natural woody vegetation for hydraulic analyses is
complicated because shrubs and trees exhibit a complex
structure and are comprised of heterogeneous plant parts.
This complexity is not taken into account in most existing
models of vegetative flow resistance [e.g., Green, 2005;
Huthoff et al., 2007; Konings et al., 2012; Luhar and Nepf,
2012] that parameterize plants as cylindrical or blade-like
elements. These models consider the reconfiguration and
streamlining of plants in a flow [Vogel, 1994; de Langre,
2008] by reducing the effective height or length of vegeta-
tion and are, therefore, primarily suited for aquatic or
grassy vegetation. By contrast, woody vegetation is typi-
cally emergent and achieves reconfiguration not only by
bending the stem but mainly by changing the orientation
and shape of the leaves and leaf clusters under flow [e.g.,
Vogel, 1989; Vollsinger et al., 2005].
[4] Developing a generally applicable flow resistance

model for woody vegetation requires a physically based
parameterization of the plants. Recent studies have pro-
vided information on the relationships between plant prop-
erties and drag, but the findings are difficult to synthesize
since vegetation has been characterized by different proper-
ties, such as the frontal-projected area, mass, or volume of
the foliated plant [e.g., Vollsinger et al., 2005; Kane et al.,
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2008; Whittaker et al., 2013], leaf or stem area [e.g.,
J€arvel€a, 2004; V€astil€a et al., 2013], and leaf or stem mass
or volume [e.g., Xavier, 2009]. One factor complicating the
parameterization is the inherent scale dependency of the
flow-vegetation interaction [e.g., Nikora, 2010; Nepf,
2012b]. First, the size of woody vegetation ranges from
twigs (slender terminal branches) and saplings to mature
trees. The size influences the biomechanical characteristics
of plants [e.g., Sutili et al., 2012], but a model representa-
tion allowing the same parameter values to be used for veg-
etation of different sizes would be desirable. Second, the
key factors governing the flow resistance depend on the
scale of investigation, which varies from plant stands to
single foliated specimens or leafless stems, foliage, and
individual leaves. Herein, the term stem includes all the
trunks and branches while the foliage comprises all the
leaves when attached to the stem. Thus, the foliage scale
encompasses the naturally occurring range of leaf orienta-
tions (see e.g., Figure 1) as opposed to the leaf scale that
refers herein to single leaves or leaf clusters examined in a
downstream orientation [e.g., Vogel, 1989; Albayrak et al.,
2012].
[5] The foliage and stem obviously differ in drag and

reconfiguration [e.g., Dittrich et al., 2012; V€astil€a et al.,
2013], but it is not known how the processes of the two
plant parts are translated into the processes observed at the
plant scale. Studies of Tanaka et al. [2011] and V€astil€a
et al. [2013] imply that the plant-scale drag and reconfigu-
ration are influenced by the abundance of the foliage in
relation to the stem, parameterized with the leaf-area-to-
stem-area ratio AL/AS. These findings suggest that the sepa-
rate consideration of the stem drag FS and foliage drag FF
may be a more suitable approach for the flow resistance
modeling as opposed to directly estimating the total drag
Ftot of the foliated plants using bulk parameters that lump
together the effects of the foliage and stem.
[6] This study aims at enhancing the modeling of the

flow resistance of natural woody vegetation by explicitly
considering both the foliage and stem. Section 2.1 reports
on existing models for estimating the form drag and resist-
ance of woody vegetation, highlighting associated prob-
lems and knowledge gaps. To tackle these issues, we

conducted flume experiments with twig-sized specimens of
four natural woody species and reanalyzed existing data,
focusing on the effect of the leaf-area-to-stem-area ratio on
the drag and reconfiguration. First, we show that AL/AS was
a key property in controlling the reconfiguration, flow
resistance normalized with the leaf area, and the foliage-
stem drag ratio FF/FS (section 3.1). Second, we separately
analyze the stem drag (section 3.2) and foliage drag (sec-
tion 3.3) for the different species, examining the drag,
reconfiguration, and the suitability of selected foliage and
stem properties as drag predictors. Third, we demonstrate
the approximate additivity of the foliage and stem drag
through linear superposition (section 3.4). Fourth, we pro-
pose a new model for predicting the friction factors of
emergent woody vegetation using a linear superposition
approach with physically based parameters for the foliage
and stem (section 4).

2. Methodology

2.1. Form Drag of Natural Woody Vegetation

[7] According to the classical definition, the drag force F
exerted on an object in a flow is related to the characteristic
approach velocity uC. For emergent condition, the cross-
sectional mean velocity um is typically used as uC, yielding

F5
1

2
qCDACum

2; (1)

where q is the density of the fluid, CD is the drag coefficient
of the object, and AC is the characteristic reference area of
the object. For rigid objects, CD is a function of the object
Reynolds number (Re5 uClC/m, where lC is the characteris-
tic length of the object and m is the kinematic viscosity of
the fluid). By contrast, for flexible objects, such as foliated
plants, CD is difficult to predict as it varies as a function of
velocity due to the reconfiguration-induced changes in
shape and frontal-projected area [e.g., Vollsinger et al.,
2005]. Reconfiguration can be characterized by the Vogel
exponent [e.g., Vogel, 1994; de Langre, 2008], which is
determined from the relationship between the drag and
mean velocity as

Figure 1. Representative specimens of the examined (a) Salix viminalis (Common Osier), (b) Salix x
rubens (hybrid Crack Willow), (c) Alnus glutinosa (Common Alder), and (d) Betula pendula (Silver
Birch).
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F / um21v: (2)

[8] For clarity, the Vogel exponent is in this paper
denoted with v to point out that it is identical to the reconfi-
guration parameter v of equation (4) presented below [see
Aberle and J€arvel€a, 2013].
[9] At the reach scale, the vegetative flow resistance is

typically included into a lumped resistance coefficient. The
two most commonly used are the Darcy-Weisbach friction
factor f and Manning’s n, which are related through
f5 8gR21/3n2, where g is the gravitational acceleration and
R is the hydraulic radius. The analysis of the friction factors
can be based on the linear superposition principle [e.g.,
Yen, 2002], which allows considering the different sources
of flow resistance, including the bed friction and vegetative
drag. The friction factor generated by the vegetation,
denoted with f 00, can be derived from the spatially averaged
vegetative drag force hFi per unit ground area AB using the
definition of the friction factor [e.g., Aberle and J€arvel€a,
2013]:

f
00
5

8hFi
qum2AB

: (3)

[10] For foliated woody vegetation, the total plant-
related flow resistance (denoted with subscript tot in the
following) is generated by the foliage and stem. Foliated
vegetation undergoes marked reconfiguration, and there-
fore, its drag-velocity relationship notably deviates from
the squared one valid for rigid elements having a constant
drag coefficient and reference area [e.g., J€arvel€a, 2002a;
Cullen, 2005; Dittrich et al., 2012]. This reconfiguration is
taken into account in the models proposed by Kouwen and
Fathi-Moghadam [2000] and J€arvel€a [2004] for estimating
the friction factor f 00tot of emergent or just submerged
foliated woody vegetation. The model of Kouwen and
Fathi-Moghadam [2000] does not explicitly include the
characteristic reference area, and it requires determining
the natural frequency of the vegetation elements. By con-
trast, the model of J€arvel€a [2004] estimates f 00tot using the
one-sided leaf area per ground area (AL/AB), also referred
to as leaf area index (LAI):

f
00
tot54

AL
AB
CDv

um
uv

� �v

: (4)

[11] In equation (4), reconfiguration is expressed through
the reconfiguration term (um/uv)

v, where uv is the lowest
velocity used in determining the reconfiguration parameter
v, which is equal to the Vogel exponent in equation (2)
[Aberle and J€arvel€a, 2013]. CDv is the drag coefficient, the
value of which is constant at the considered velocity range.
The values of CDv and v can be derived from flume or field
data, but the drawback is that the values are not necessarily
constant for a given species as f 00tot per AL/AB may depend
on the leaf-area-to-stem-area ratio [V€astil€a et al., 2013].
This observation implies that also the stem should be con-
sidered when modeling the flow resistance of foliated
vegetation.
[12] For leafless woody vegetation, the flow resistance is

caused entirely by the stem (in the following denoted by
the subscript S). Emergent leafless woody vegetation is typ-

ically modeled as rigid, and for a stand comprising m ele-
ments per ground area, f

00
S54mhACiCD ; where <AC> is the

spatially averaged characteristic stem reference area and
CD is the bulk drag coefficient with respect to um [e.g.,
Aberle and J€arvel€a, 2013]. For randomly distributed natu-
ral plants, the stem reference area index m<AC> [e.g.,
Luhar et al., 2008] can be more conveniently regarded as
the total stem reference area per given ground area (AC/
AB), yielding

f
00
S54

AC
AB
CD: (5)

[13] For a stand of rigid cylinders, CD is affected by the
spacing [e.g., Tanino and Nepf, 2008; Kothyari et al.,
2009], pattern [e.g., Schoneboom, 2011; Dittrich et al.,
2012] and the object Reynolds number [e.g., Tanino and
Nepf, 2008] because of the prevailing complex wake flow
structure. For natural plants, two issues related to equation
(5) need further consideration. First, it is important to select
an appropriate definition of AC [e.g., Vogel, 1994; Statzner
et al., 2006]. For leafless woody vegetation, the frontal-
projected area in still air or under the flow is typically used
[e.g., Armanini et al., 2005; Wunder et al., 2011]. The
lateral-projected area parallel to the main flow direction,
which has been used for flexible aquatic vegetation [e.g.,
Statzner et al., 2006], is another option if woody elements
are bent to the main flow direction (see Figure 2). The sec-
ond issue related to equation (5) is the assumption of

Figure 2. A leafless twig attached to a drag force sensor.
The lateral-projected stem area AS,lat was determined from
the diameter d and length l of the stem quartiles in still air.
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rigidity, which may not be valid, e.g., for leafless saplings
[e.g., Xavier, 2009; Dittrich et al., 2012]. Thus, reconfigu-
ration of the stem and its parameterization for the flow
resistance modeling require further investigation.

2.2. Flume Experiments With Single Plants and Plant
Stands

[14] Our experiments were conducted with plants of four
woody species: Salix viminalis (Common Osier), Salix x
rubens (hybrid Crack Willow), Alnus glutinosa (Common
Alder), and Betula pendula (Silver Birch) (Figure 1). The
tested specimens were 23 cm tall tips of branches, referred
to as twigs, collected from saplings and mature trees grow-
ing in Braunschweig, Germany. The specimens were ran-
domly sampled among those twigs that had a reasonably
straight main stem, including both single-stemmed and
branched structures. The plants were stored in water before
the experiments, and different specimens were used in the
single plant and plant stand experiments. The properties of
the examined specimens are described in detail in section
2.3.
[15] The experiments were performed in a 32 m long and

0.6 m wide tilting laboratory flume in the hydraulic labora-
tory of the Leichtwei�-Institut f€ur Wasserbau, Technische
Universit€at Braunschweig. All the experiments were car-
ried out under steady uniform flow with the plants just sub-
merged. The bed roughness of the flume consisted of a
rubber mat having 3 mm high pyramidal-shaped roughness
elements. The water depth and water surface slope were
determined using piezometers while the discharge was
measured by an inductive flow meter. The water depth
ranged from 15 to 30 cm and it was adjusted by a tailgate
according to the bending of the plants. The cross-sectional
mean velocity um was determined with the continuity equa-
tion neglecting the vegetation volume because the solid
volume fraction was 0.003 at the highest.
[16] The drag forces of several specimens were simulta-

neously measured with the drag force sensors (DFS)
described in detail by Schoneboom et al. [2008] and Scho-
neboom [2011]. The DFS consisted of two Wheatstone full
bridge configurations formed by four strain gauges, and the
drag forces were obtained by transforming the compression
strains to bending moments. The same measurement sys-
tem has been used in the studies of Schoneboom et al.
[2011], Siniscalchi et al. [2012], Jalonen et al. [2013], and
V€astil€a et al. [2013]. The DFS were located under the bot-
tom of the flume in the 1.5 m long measurement area 16 m
downstream of the flume inlet. The twigs were attached to
the sensors with the natural curvature of the main stem
toward downstream (Figure 2). The drag forces were
recorded at 200 Hz for three 60 s long periods, which pro-
vided consistent mean values in the consecutive measure-
ments, and the time-averaged values of the three
measurements were used in the analyses. The functionality
of the sensors was monitored during the experiments, and
the data from malfunctioning sensors were discarded. The
maximum errors of the calibrated sensors were 60.01 N
for 0–0.5 N and 60.02 N for 0.5–2.0 N [Schoneboom,
2011].
[17] In the experiments with the single plants, four speci-

mens of one species (N5 4) were simultaneously investi-
gated in order to optimize both the time efficiency and

control of the experimental conditions. The plants were
positioned in a rectangular arrangement using the maxi-
mum possible longitudinal (1.2 m) and lateral (0.3 m) dis-
tances to minimize the effect of the wake flows and to
ensure that the adjacent plants did not interfere with each
other. No notable systematic differences were found in the
drag between the four measurement positions, so that um
was regarded to adequately represent the characteristic
approach velocity of each plant. The experiments consisted
of measuring the drag forces of the foliated specimens
(Ftot) at four foliation levels (25%, 50%, 75%, and 100%).
The foliation level is defined as the share of the one-sided
leaf area to that of the same specimen in the fully foliated
condition. The different foliation levels were achieved by
successively removing the required number of the leaves as
uniformly as possible over the plant height, and the corre-
sponding leaf areas and masses were measured after the
experiments. The experiments were conducted at the target
mean velocities of 0.20, 0.50, and 0.80 m/s, which capture
the reconfiguration of foliated woody vegetation [e.g., Xav-
ier, 2009; Dittrich et al., 2012; V€astil€a et al., 2013] and
are typical for natural floodplain flows. To minimize the
changes in the physical plant properties, the experiments at
the four foliation levels were accomplished within the day
of the plant collection. Preliminary tests showed that the
constant exposure to repeated cycles of increasing velocity
decreased the drag of these species by an average of 4%
within the measurement day. In the following day, the
specimens were tested in the defoliated condition to obtain
FS. To determine the frontal-projected areas of the foliage
under the flow (AP,F), the specimens at the foliation level
of 100% were photographed from the downstream direction
with a submersible camera. For each plant, a 10 cm refer-
ence scale was positioned at the visually estimated longitu-
dinal mass center of the foliage, and AP,F was obtained
with an image analysis software from the manually
delineated contours of the plant. The mean error in AP,F
resulting from inaccuracies in the estimation of the mass
center is approximately 10% [V€astil€a et al., 2013]. The
additional uncertainty caused by the movement of the
plants under the flow action was assumed to have a minor
effect on the mean intraspecific AP,F values used in the
analyses.
[18] In the plant stand experiments, individual foliated

specimens were arranged in a staggered pattern with a lat-
eral and longitudinal spacing of 0.3 m. The DFS measure-
ment area was located in the middle of the 5 m long plant
stand. To ensure a fully developed flow, the stands were
preceded and followed by a 6 m long vegetated area con-
sisting of the artificial elements described in Schoneboom
and Aberle [2009]. The drag forces were measured for 6–8
specimens in each stand at 7–9 velocities during the day of
the plant collection. Comparative single plant and plant
stand data were obtained for Populus nigra (Black Poplar)
from earlier measurements conducted in the same experi-
mental facility [V€astil€a et al., 2013].

2.3. Examined Foliage and Stem Properties

[19] Two alternative stem reference areas and three prop-
erties of the abundance of the foliage were determined for
each specimen at the investigated foliation levels. For
specimens having a branched structure (e.g., Figure 1d),
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the stem reference areas encompass both the main stem and
side twigs. The frontal-projected stem area AS was obtained
from photographs of the leafless stems taken in still air from
the downstream direction. For the lateral-projected stem
area, the diameter d of the main stem was measured with a
caliper at the relative heights of 0, 1/4, 2/4, and 3/4 in still
air, and the corresponding stem lengths l were determined
(Figure 2). In addition, the mid-diameters and lengths of the
side twigs were measured. The lateral-projected stem area
was computed as AS,lat5

P
dl. The mean errors in AS and

AS,lat were estimated to be approximately 10%. To obtain
the foliage wet mass mF,W and stem wet mass mS,W, the
leaves and stems were weighed after gently drying the water
on their surfaces with paper towels. Subsequently, the leaves
were scanned, and the total (one sided) leaf area AL was
determined from the scanned images with an image analysis
software. Last, the leaves and stems were dried in an oven at
105�C for 24 h for the determination of the foliage dry mass
mF,D and stem dry mass mS,D. Additionally, we computed
the dry specific leaf area AL/mF,D, the ratio of the foliage dry
mass to wet mass mF,D/mF,W, and the leaf-area-to-stem-area-
ratio AL/AS. AL/mF,D and mF,D/mF,W were determined also
for P. nigra from twigs collected from the same tree as those
of V€astil€a et al. [2013] in order to estimate the mF,D and
mF,W of the tested P. nigra specimens. The foliage and stem
properties of the single plants at the foliation level of 100%
are presented in Table 1. The five plant stands exhibited foli-
age and stem reference areas per ground area of AL/
AB5 0.23–3.25 and AS/AB5 0.008–0.056, respectively, with
AL/AS ranging from 28 to 72.

2.4. Data Processing and Analyses

[20] The data measured for the single plants were used
for examining the drag and reconfiguration processes as
well as for determining the parameter values of the devel-
oped model while the plant stand data were used solely for
validating the model. In all analyses, um was used as the
independent variable instead of the plant Reynolds number
(Re5 umlC/m). Previous studies have found um to be more
suitable for flexible woody vegetation [Jalonen et al.,
2013; V€astil€a et al., 2013] because it is not clear which
characteristic length is appropriate for flexible reconfigur-
ing objects [e.g., Statzner et al., 2006]. Although the stem
diameter at the base was used as lC for the leafless stems,
using d for foliated vegetation does not adequately repre-
sent the notable effect of the foliage. In addition, the recon-
figuration of the leafless twigs (see section 3.2) prevented
characterizing the stem drag coefficient CD,S by the stem
Reynolds number ReS since um and d were expected to
have opposite effects on CD,S. While an increase in um

decreased CD,S for the flexible stems, an increase in d was
expected not to decrease CD,S because thicker stems are not
more flexible than thinner ones. According to Luhar and
Nepf [2012], the plant Reynolds number does not reflect
the force balance associated with reconfiguration and is
thus not a suitable descriptor of reconfiguration.
[21] For the single plants, the foliage drag of each speci-

men was computed at the different foliation levels from the
corresponding total drag and the drag measured for the
leafless stem as

FF5Ftot2FS : (6)

[22] The reconfiguration parameters of the foliated speci-
mens (vtot) were derived at the different foliation levels
with equation (2), and the effect of AL/AS on vtot, Ftot/AL,
and FF/FS was investigated with linear and nonlinear
regression analyses. As P. nigra of V€astil€a et al. [2013]
was examined in the fully foliated condition only, the effect
of AL/AS was not analyzed for it. Next, we separately ana-
lyzed FF and FS : the reconfiguration parameters of the foli-
age (vF) and stem (vS) were derived with equation (2)
while the drag coefficients of the foliage (CD,F) and stem
(CD,S) were determined with equation (1) using AL and
both AS and AS,lat as reference areas, respectively. In addi-
tion, we examined the foliage drag normalized with mF,W,
mF,D, and AL. The accuracy and physical soundness of the
three foliage and two stem properties as predictors of the
drag was determined based on intra and interspecific analy-
ses of the coefficient of variation (cv, standard deviation
divided by the mean). The measured data were analyzed
without adjusting for the velocity because the maximum
differences in um between the species were less than 1.6%.
As the measured velocities for P. nigra differed from the
present target velocities, the corresponding FF, FS, and
AP,F values were obtained from power regression equations
fitted to the 4–5 measurements (R25 0.75–1.0). Reliable
values of FS were not available for P. nigra at 0.2 m/s.
[23] To examine the additivity of the foliage and stem

drag through linear superposition, the differences in FF/AL
between the foliation levels and target velocities were
tested with the two-way repeated measures analysis of var-
iance (ANOVA) separately for each species. Since the foli-
age drag was determined with equation (6), the foliage and
stem drag are linearly additive if FF/AL does not differ
between the foliation levels. The practice effects related to
the repeated measures design were considered to be low as
the measurement procedure was validated by the prelimi-
nary tests. The residuals appeared to be approximately nor-
mally distributed according to normal probability plots, and

Table 1. Foliage and Stem Properties of the 0.23 m Tall Single Plants at the Foliation Level of 100% (Standard Deviation in Parenthe-
ses, Number of Specimens N was Four)

Species AL (cm
2) mF,D (g) mF,W (g) AL/mF,D (cm

2/g) mF,D/mF,W d (mm) AS (cm
2) AS,lat (cm

2)

A. glutinosa 345 (82) 1.2 (0.3) 5.3 (1.2) 288 (12) 0.23 (0.01) 4.6 (0.4) 10.5 (1.0) 11.2 (1.8)
B. pendula 203 (32) 1.5 (0.2) 4.2 (0.6) 140 (6.7) 0.34 (0.01) 3.2 (0.8) 7.4 (1.8) 8.1 (1.3)
S. viminalis 370 (107) 2.7 (0.8) 9.9 (2.9) 135 (2.3) 0.28 (0.01) 5.2 (0.6) 11.9 (1.3) 10.6 (1.7)
S. x rubens 323 (122) 2.3 (0.9) 8.5 (3.4) 139 (7.7) 0.27 (0.01) 5.5 (1.0) 12.6 (2.4) 13.6 (2.4)
P. nigra 1190 (121)a 117 (9.1) 0.30 (0.01) 7.3 (0.5)a 16.7 (1.2)a 20.2 (3.0)a

aData derived from V€astil€a et al. [2013].
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Mauchly’s test of sphericity indicated that the assumption
of sphericity was met for both the foliation level and veloc-
ity (for all species, p> 0.05). First, we examined the inter-
action between the effects of the foliation level and
velocity on FF/AL. If the interaction was not significant, the
main effect of the foliation level is reported. If the interac-
tion was significant, we proceeded by carrying out one-way
repeated measures ANOVA separately for each velocity. In
addition, linear regression analysis was applied to detect if
there were systematic patterns of change in FF/AL with the
foliation level. Statistical analyses were conducted with
SPSS Statistics 20.0.0, and the probability p< 0.05 was
considered significant.

3. Experimental Results

3.1. Effect of AL/AS on the Drag and Reconfiguration
of the Foliated Plants

[24] The measured total drag force Ftot was examined in
relation to each specimen’s leaf area AL since equation (4)
implies that the flow resistance is directly proportional to
AL. The data are plotted in Figure 3 as a function of the
leaf-area-to-stem-area ratio AL/AS at the three target veloc-
ities. The relationships between Ftot/AL and AL/AS could be
best represented by power functions, but the possibility for
spurious correlation [Benson, 1965] must be taken into
account when two ratios (here Ftot/AL and AL/AS) share a
common element (AL). For linear relationships, the spuri-
ous correlation between two ratios for which the denomina-
tor of one ratio equals the numerator of the other can
amount up to r5 0.5 (i.e., R25 0.25) when the common
element has a higher cv than the two other elements [Ben-
son, 1965]. In the present case, both linear (R25 0.30–0.79,
on average 0.62) and power relationships (R25 0.43–0.98,
on average 0.81) fitted to the data had appreciably higher
coefficients of determination compared to the theoretical
value for the spurious correlation, proving that the relation-
ships were not entirely spurious. For all species, Ftot/AL
decreased with increasing AL/AS, indicating that the total
drag was dependent on both the leaf area and leaf-area-to-
stem-area ratio. Dividing equation (3) by AL/AB shows that
f 00tot/(AL/AB) is directly proportional to Ftot/AL, and therefore,
Figure 3 implies that equation (4) could result in prediction
errors for not considering the effect of AL/AS. In fact, the

variation of Ftot/AL with AL/AS corresponds to the errors
that would result if equation (4) would be used to predict
f 00tot at a given AL/AS by applying values of CDv and v
derived from measurements with plants at a different AL/
AS. For instance, Ftot/AL typically declined by half when
AL/AS increased from approximately 5 to 25, indicating that
equation (4) would notably overestimate f 00tot of plants
having AL/AS5 25 if parameter values derived with plants
having AL/AS5 5 would be used. The effect of the leaf-
area-to-stem-area ratio on the errors of equation (4) is ana-
lyzed in more detail in section 4.2.
[25] The values of the reconfiguration parameter vtot

computed with equation (2) decreased approximately line-
arly with the increasing leaf-area-to-stem-area ratio (Figure
4). The linear regression analyses revealed that the correla-
tion between AL/AS and vtot was statistically significant,
with R25 0.48–0.64 and p< 0.003 for each of the four spe-
cies. The slope between AL/AS and vtot was similar for all
species at the examined range of the leaf-area-to-stem-area
ratio. At AL/AS< 5, vtot will change more rapidly since the
leafless stems (with AL/AS5 0) had vS520.20 to 20.32
(see section 3.2). Overall, the effect of AL/AS on vtot was
0.36–0.42 while the maximum interspecific differences in
vtot at a given AL/AS were 0.21.
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[26] The relative importance between the foliage and
stem drag was examined at the four foliation levels using
the foliage-stem drag ratio FF/FS. For each species, the
mean FF/FS at each foliation level increased approximately
linearly with the mean AL/AS, as shown by the fitted linear
regressions (Figure 5). Generally, a fourfold increase in the
mean leaf-area-to-stem-area ratio resulted in a three to five-
fold increase in the mean foliage-stem drag ratio. The
foliage-stem drag ratio, and thus the share of the foliage
drag to the total drag, decreased with the increasing veloc-
ity, with the foliage drag constituting 16–91% of the total
drag.

3.2. Drag and Reconfiguration of the Stem

[27] The stem drag coefficients CD,S computed with
equation (1) using the still-air frontal and lateral-projected
stem areas are shown in Figure 6 for the four presently
experimented species and P. nigra of V€astil€a et al. [2013].
There were no notable systematic differences in CD,S
between the five species. Using AS as the reference area
produced on average 7% higher CD,S values than AS,lat
because the slightly curved stature of the stems caused the
lateral-projected areas to be typically higher than the

frontal-projected areas (see Table 1). The CD,S values
derived with AS had on average a 9% lower intraspecific cv
than those derived with AS,lat, indicating that the still-air
frontal-projected area was a slightly more accurate predic-
tor of the stem drag. In addition, CD,S had a 14% lower
interspecific cv using AS instead of AS,lat, which suggested
that CD,S determined with AS could be more broadly appli-
cable for various woody species. Thus, the still-air frontal-
projected areas are used as the stem reference area in this
paper.
[28] Comparing the stem drag of the present specimens

to previous studies is complicated because some research-
ers describe the stem drag with the stem mass or volume
[e.g., Vollsinger et al., 2005; Xavier, 2009; Whittaker
et al., 2013] although equation (1) states that drag is pro-
portional to a selected characteristic reference area. As nat-
ural woody vegetation is composed of trunks and branches
of different diameters, the stem reference area cannot be
simply substituted with the stem volume or mass because
the relationship between the frontal-projected area and vol-
ume depends on the diameters of all the circular stem ele-
ments. By contrast, stem drag coefficients allow the direct
comparison between different studies.
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[29] The stem drag coefficients at 0.2 m/s (CD,S5 0.9–
1.1) were close to those derived for leafless Salix twigs and
saplings (CD,S�1.0–1.2) by Armanini et al. [2005] and
Wunder et al. [2011]. However, between the velocities of
0.2 and 0.8 m/s, CD,S of the present twigs typically declined
by one third. Equation (2) yielded a mean vS of 20.32 to
20.20, signifying that the drag force increased as a func-
tion of um raised to the power of 1.68–1.80. Thus, the pres-
ent stems at ReS5 400–6200 did not behave similarly as
rigid cylinders, for which F / um2 and CD is approximately
constant at this Reynolds number range [Schlichting and
Gersten, 2000]. The reconfiguration was attributed to the
bending of the stems under the flow, which was not taken
into account in the determination of CD,S since the still-air
reference areas were used in equation (1). Reconfiguration
is also evident for the leafless saplings of Vollsinger et al.
[2005], Xavier [2009], and Dittrich et al. [2012] as shown
by their FS-um relationships and decreasing frontal-
projected stem areas under the flow. For instance, vS was
20.14 for A. glutinosa saplings at um5 0–0.8 m/s as
derived from the data reported in Xavier [2009] and Dit-
trich et al. [2012]. The stem reconfiguration of the saplings
was likely enhanced by the presence of flexible twigs and
branches that formed a major share of the stem reference
area. Overall, the stem reconfiguration of A. glutinosa was
lower for the saplings than for the twigs (vS520.27),
probably due to the more rigid main stems of the saplings.

3.3. Drag and Reconfiguration of the Foliage

[30] The relationships between the foliage drag and the
three alternative properties for parameterizing the abun-
dance of the foliage are shown in Figure 7. The mean intra-
specific cV did not differ between the three drag
relationships, indicating that the leaf area AL, foliage dry
mass mF,D, and foliage wet mass mF,W were equally accu-
rate predictors of the foliage drag. However, the interspe-
cific cV was on average 16% and 24% lower for FF/AL
compared to FF/mF,W and FF/mF,D, respectively. For
instance, A. glutinosa had a four times higher foliage drag
per foliage dry mass than S. viminalis, but only two times
higher foliage drag per leaf area. The fact that A. glutinosa
had such a high FF/mF,D was associated with its twofold
dry specific leaf area AL/mF,D compared to the other species
(see Table 1). As another example of the interspecific vari-
ation, B. pendula had a distinctly lower FF/mF,D than A.
glutinosa but almost equal FF/mF,W. This finding reflected

the differences in the ratio of the foliage dry mass to wet
mass between the two species (Table 1). The higher inter-
specific differences in FF/mF,D and FF/mF,W compared to
FF/AL implied that the foliage drag was more directly
related to the leaf area exposed to the flow, both via form
drag and skin friction, than to the foliage mass. Therefore,
the leaf area was chosen as the parameter for the abundance
of foliage.
[31] The species exhibited mean values of vF varying

from 21.21 to 20.97, which signified that the foliage drag
increased approximately linearly with the velocity. The
reconfiguration was reflected in the foliage drag coeffi-
cients CD,F, which decreased nonlinearly with the velocity
(Figure 8a). The reconfiguration was evident also from the
declining frontal-projected areas of the foliage (AP,F),
which are normalized with the leaf area in Figure 8b. The
reconfiguration of the foliage was stronger for the present
twigs compared to the single leaves of various deciduous
species having a mean v of 20.72 [Vogel, 1989] or to the
single plastic leaves of low to medium rigidity having
v520.7 to 20.5 [Albayrak et al., 2012]. These differen-
ces were related to the scale of investigation as the foliage
scale comprised leaves having different orientations with
respect to the main flow direction whereas the leaf-scale
studies examined leaves positioned in a downstream orien-
tation. The potential for streamlining and reconfiguration is
obviously lower at the leaf scale at which the leaves were
from the beginning in a more drag-efficient orientation.

3.4. Linear Superposition of the Foliage and Stem
Drag

[32] The linear superposition of the foliage and stem
drag was examined by testing whether the foliage drag per
leaf area differed between the tested foliation levels (Figure
9). The mean (and maximum) deviations from the
foliation-level-averaged FF/AL were 3% (maximum 7%)
for S. x rubens, 8% (18%) for B. pendula, 16% (33%) for S.
viminalis, and 4% (9%) for A. glutinosa. According to the
two-way ANOVA, there was no significant interaction
between the effects of the foliation level and velocity on
FF/AL for A. glutinosa (p5 0.09) and S. viminalis
(p5 0.14), indicating that the effect of the foliation level
did not differ between the three velocities. All four folia-
tion levels had similar FF/AL for A. glutinosa (p5 0.94)
and S. viminalis (p5 0.24). For B. pendula (p5 0.006) and
S. x rubens (p5 0.048), a significant interaction was found

0.800.500.20

30

25

20

15

10

5

0
0.800.500.20

500

400

300

200

100

0
0.800.500.20

120

100

80

60

40

20

0

um (m/s)

F F
/A

L 
(N

/m
2 )

P. nigra [Västilä
et al., 2013]

S. x rubens
S. viminalis
B. pendula
A. glutinosa

a)

um (m/s)

F F
/m

F,
D
 (N

/k
g)

b)

P. nigra [Västilä
et al., 2013] 

S. x rubens
S. viminalis
B. pendula
A. glutinosa

um (m/s)

F F
/m

F,
W

 (N
/k

g)

c)

P. nigra [Västilä
et al., 2013]

S. x rubens
S. viminalis
B. pendula
A. glutinosa

Figure 7. Foliage drag per (a) leaf area, (b) foliage dry mass, and (c) foliage wet mass. The bars show
61 standard error (N5 16; for P. nigra, N5 3).

V€ASTIL€A AND J€ARVEL€A: MODELING THE FLOW RESISTANCE OF WOODY VEGETATION

236



between the foliation level and velocity, so that the effect of
the foliation level on the foliage drag per leaf area depended
on the velocity. No significant differences were detected in
FF/AL between the four foliation levels for B. pendula at the
two lower velocities (p> 0.28) and for S. x rubens (p> 0.18
at each of the three velocities). The only significant differen-
ces were found for B. pendula at the highest velocity
(p5 0.03). Subsequent linear regression analyses suggested
that the correlation between FF/AL and the foliation level
was negative in six cases and positive in five cases although
none of the correlations were statistically significant. Over-
all, the statistical analyses indicated that FF/AL showed no
interspecifically systematic pattern of change and generally
fairly low differences between the foliation levels. Thus, the
foliage and stem drag were assumed to be roughly additive
through linear superposition.
[33] In the experiments, the foliation level was con-

trolled by removing leaves approximately evenly over the
entire plant height, so that the leaf clusters became sparser
with the decreasing foliation level. Differences in the drag
between dense and sparse foliation have been investigated
also at the leaf scale by Vogel [1989], who found that the
drag relative to the one-sided leaf area is typically approxi-
mately one third to half lower for leaf clusters compared to
single leaves (when both are positioned in a downstream
orientation). For three of the present species, the difference
in drag between the foliation levels of 100% and 25% was
on average 0–11% while S. viminalis had 41% lower drag

at the foliation level of 25%. Thus, the potential drag-
reducing mechanisms associated with an increasing AL/AS,
including the mutual sheltering among the foliage, the
greater bending of the stem due to the drag on the foliage,
and the less intense vibration of the stem, were of only
minor significance at the foliage scale. The twigs had fairly
sparse foliage even in the fully foliated condition and vari-
able leaf orientations (see Figure 1), which likely explained
the approximate linear additivity of the foliage and stem
drag.

4. Modeling the Flow Resistance of Emergent
Woody Vegetation Using the Linear Superposition
of the Foliage and Stem Drag

[34] The results presented in section 3.1 indicated that
describing vegetation density solely by AL/AB may result in
errors in the flow resistance prediction. Thus, section 4.1
proposes a new model for estimating the friction factors of
woody vegetation using an explicit parameterization of
both the foliage and stem. The performance of the model
under different hydraulic, vegetative, and foliation condi-
tions is examined in sections 4.2 and 4.3.

4.1. Model Description

[35] Assuming that the foliage and stem drag are linearly
additive (see section 3.4), the friction factor of an emergent
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foliated plant stand (f 00tot) can be expressed as a sum of the
friction due to the foliage (f 00F) and stem (f 00S) :

f
00
tot5f

00
F1f

00
S : (7)

[36] Modeling f 00F and f 00S requires taking into account the
reconfiguration of the foliage and stem (see sections 3.2
and 3.3). Although the reconfiguration can be considered
simply by modifying the drag coefficients according to the
prevailing um, an explicit parameterization would be prefer-
able. Equation (4) provides an approach to this issue as it
models reconfiguration through the term (um/uv)

v. In an
analogy to equation (4), f 00F and f 00S can be expressed in a
similar form as f 00tot. Subsequently, we consider all the
parameters separately for the foliage and stem instead of
using bulk parameters of the foliated vegetation as in equa-
tion (4). As AL was found the most suitable property for
parameterizing the abundance of the foliage, the friction
factor of the foliage is formulated as

f
00
F54

AL
AB
CDv;F

um
uv;F

� �vF

; (8)

where the parameters determined for the foliage are
denoted with the subscript F. For the stem, AS was found to
be the most suitable reference area definition, resulting in

f
00
S54
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AB
CDv;S

um
uv;S

� �vS

; (9)

where the subscript S denotes the parameters of the stem.
Inserting the equations (8) and (9) into equation (7), f 00tot
becomes

f
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um
uv;F

� �vF

1ASCDv;S
um
uv;S

� �vS
� �

: (10)

[37] The model (equation (10)) can be used under emer-
gent or just submerged conditions, and is primarily targeted
for um of the order of 0.05–1 m/s, which are typical veloc-
ities for floodplains and river banks. At velocities closer to
zero, the predicted values of f 00tot may have large errors
because of the asymptotic nature of equation (10). The
model applies to both leafless and foliated woody vegeta-
tion since the abundance of the foliage per ground area is
expressed with AL/AB, which is equivalent to the leaf area
index (LAI), while AS/AB is used to describe the frontal-
projected stem area per ground area. For leafless vegeta-
tion, AL5 0 and then equation (10) reduces to equation (9).
In this paper, equation (10) was validated for vegetation
densities of AL/AB< 3.2 and for foliation levels of AL/
AS< 72 (see section 4.3).
[38] The model uses the lowest velocities uv,F and uv,S as

reference velocities, so that CDv,F and CDv,S correspond to
the drag coefficients determined with equation (1) at uv,F
and uv,S, respectively. The parameters vF and vS describe
the effect of the reconfiguration at um with respect to uv,F
and uv,S, respectively. Because of the parameterization of
the reconfiguration, CDv,F and CDv,S are constant at the
examined velocity range and are thus denoted by the sub-
script v. The values of the four parameters depend on the

selected values of uv,F and uv,S, which can be either equal
or unequal. As the model allows setting the desired value
for the reconfiguration parameter of the stem, it is applica-
ble to both rigid and flexible leafless vegetation. By setting
vS5 0, the reconfiguration term of the stem receives a
value of 1, so that the formulation for the stem resistance
reduces to equation (5). The physical factors affecting the
parameter values are discussed in section 5.
[39] In order to use the model for flow resistance predic-

tion, the values of the foliage and stem drag parameters
need to be known. If no published values exist for a given
species, they can be either estimated based on values
reported for similar species or determined from flume or
field data. Determining the values requires data on f 00S in
leafless and f 00tot in foliated conditions at a few relevant val-
ues of um (the lowest of which are assigned to uv,S and uv,F)
as well as data on the associated AL/AB and AS/AB. First, the
values of the stem drag parameters CDv,S and vS are derived
by fitting equation (9) to the data. Second, the values of the
foliage drag parameters CDv,F and vF are obtained by fitting
equation (10) to the data and applying the derived values of
the stem drag parameters. The parameter values depend on
the velocity range covered, and to a minor degree on the
distribution and number of the velocity values and on the
fitting technique. Once the values of the set of parameters
are known for given vegetative conditions, AL/AB and AS/
AB are the only vegetation properties required for using the
model for predictive purposes. For instance, um and f

00
tot or

f 00S associated with a given design discharge or depth can be
solved iteratively using equation (10) and the Darcy-
Weisbach equation.

4.2. Parameter Values and Model Performance at
Different AL/AS
[40] One of the key issues for the flow resistance model-

ing of natural vegetation is the applicability of the parame-
ter values to a range of conditions. In this section, we
analyze how the parameter values of the present model
(equation (10)) and the J€arvel€a model (equation (4)) depend
on the leaf-area-to-stem-area ratio, and the effect this
dependency has on the prediction accuracy of the models.
The parameter values were derived for the different folia-
tion levels from the data of the single twigs (N5 4) using
nonlinear regression analysis in SPSS Statistics. For this,
f 00tot and f 00S were computed with equation (3) from <Ftot>
and <FS>, respectively, which were determined from the
directly measured drag forces. The stem drag of P. nigra at
0.20 m/s was estimated based on the mean CD,S of the other
species. The parameter values of equation (4) could be
directly fitted while the fitting procedure described in sec-
tion 4.1 was used for equation (10). Values of CDv,S and vS
were obtained for the leafless condition only.
[41] Figure 10 shows the fitted values for CDv,F and vF,

and for CDv and v, as a function of the foliation level.
According to linear regression analyses, v exhibited steeper
slopes than vF for all four species while CDv showed stron-
ger slopes than CDv,F for all species expect S. viminalis.
Thus, the parameter values of equation (10) were generally
less sensitive to the foliation level than those of equation
(4). This finding is confirmed by the comparison of Figures
3 and 9: FF/AL varied less than Ftot/AL at the investigated
range of foliation conditions. A slight variation in the
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parameter values does not directly imply differences in the
predicted f 00tot because the outcomes of both models are
affected by the two parameters, and different combinations
of the parameter values can result in almost equal fits. As
an example, an increase in CDv,F, CDv,S, or CDv causes a
lower impact on the predicted friction factor when accompa-
nied with a decrease in vF, vS, or v, respectively. This effect
was observed for A. glutinosa, for which CDv,F and vF dem-
onstrated opposite changes with the increasing foliation
level. Thus, although A. glutinosa had 7.0% higher CDv,F
and 9.3% lower vF at the foliation level of 100% compared
to 25%, the mean differences in the predicted f 00F (5.9%) and
measured FF/AL (4.9%) were lower. The differences in the
predicted f 00tot were even lower because the stem drag was
regarded similar at all foliation levels.
[42] Next, we investigated the performance of the two

models for the case where parameter values are applied to
plants of a different AL/AS. We used the parameter values
derived for the foliation level of 100% (corresponding to
AL/AS5 26–33) to predict f

00
tot at the foliation levels of 25–

100% (AL/AS5 6–11 at the foliation level of 25%). Both
models could be fitted well to the data as shown by the low
errors in the predicted f 00tot at the highest AL/AS (Figures 10c
and 10f). At lower AL/AS, equation (4) typically under esti-
mated f 00tot, and the errors were the greater the more the leaf-
area-to-stem-area ratio differed from that at which the

parameter values were fitted. By contrast, equation (10) did
not produce a systematic bias and the errors did not depend
on AL/AS. As an example, the mean error was 7% for equa-
tion (10) and 40% for equation (4) at the lowest AL/AS. In
the case where the parameter values of the foliation level of
25% were used for the foliation level of 100%, the maxi-
mum errors for the four species were 77–124% with equa-
tion (4) and 8–35% with equation (10). Thus, equation (10)
was more suited than equation (4) for the case where exist-
ing parameter values need to be applied to vegetation hav-
ing different AL/AS. Our data confirmed the reasoning of
V€astil€a et al. [2013] in that flow resistance prediction with
the leaf area only has the highest accuracy when vegetation
has similar AL/AS as the plants used for deriving the param-
eter values. The differences in the prediction accuracy of
the two models were expected to decrease with increasing
AL/AS when the effect of the leaf-area-to-stem-area ratio on
Ftot/AL becomes weaker (Figure 3). However, the influence
of the leaf-area-to-stem-area ratio continues up to AL/
AS5 70 [V€astil€a et al., 2013].

4.3. Applying the Model to Natural Woody Vegetation

[43] In this section, we evaluate the performance of the
model (equation (10)) with independent data by employing
parameter values that were determined by lumping together
the single plant data from the four foliation levels (Table 2).
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The foliation-level averaged parameter values of equation
(4) were derived for reference. The model is applied to a
wide range of foliation conditions (AL/AS5 6–72) and to
leafless vegetation.
[44] First, we tested the model with the independent

plant stand data measured for the four species in the present
experiments and obtained for P. nigra by V€astil€a et al.
[2013]. All five stands had a lateral and longitudinal spac-
ing of 0.3 m between the individual plants, with AL/
AB5 0.23–3.25, AS/AB5 0.008–0.056, and AL/AS5 28–72.
In the prediction of f 00tot with equation (10), we used the
measured AL/AB and AS/AB as well as the parameter values
from Table 2. Figure 11 shows the predicted f 00tot in compar-
ison to the values determined from the experimental data
with equation (3). The measured f 00tot corresponded to
Manning’s n of 0.022–0.228. The mean relative error in the
predicted f 00tot was 24% for S. viminalis, 6% for A. glutinosa,
23% for S. x rubens, 14% for B. pendula, and 10% for
P. nigra at um5 0.20–0.80 m/s while the maximum errors
were 18–30%. The errors generally increased with decreas-
ing mean velocity. Nevertheless, the use of the derived
parameter values could be extended to low velocities of
um5 0.05–0.20 m/s although the mean error at this velocity
range was higher for each species (19–35%), likely because

the parameter values were determined from the measure-
ments conducted at um5 0.20–0.80 m/s.
[45] The applicability of the parameter values of the

twigs (Table 2) to sapling-sized vegetation was examined
using two previously published data sets. The first one con-
sists of force measurements conducted in a towing tank for
1.8–2.5 m tall A. glutinosa specimens [Xavier, 2009; Dit-
trich et al., 2012], for which f 00S and f 00tot corresponding to a
spacing of 1 m were computed with equation (3). Data on
AL existed for three specimens while data on AS existed for
only one of those. Thus, AS of the remaining two specimens
was estimated from the reported mS,D based on the AS/mS,D
value of the one specimen, which resulted in a mean AL/AS
of 6. The second data set consists of flume experiments for
a stand of 0.7 m tall Salix caprea (Goat Willow) saplings
[J€arvel€a, 2002a, 2002b], for which AL/AB and AS/AB were
derived from a small sample (AL/AS5 20) and f

00
S and f

00
tot

were determined from the measured head loss. For S. cap-
rea, we used the parameter values of S. x rubens, which is
of the same genus and has the most similar leaf shape. The
friction factors of the saplings, covering over one order of
magnitude, were satisfactorily estimated by the parameter
values of the twigs (Figure 12). For A. glutinosa, the mean
errors in f 00S and f 00tot were 18% and 16%, respectively, at

Table 2. Foliation-Level Averaged Values of the Foliage and Stem Drag Parameters for the Use of Equations (10) and (4). These Val-
ues Are Associated With uv,F, uv,S, and uv of 0.20 m/s

Species CDv,F vF CDv,S vS CDv v

Alnus glutinosa (Common Alder) 0.18 21.11 0.89 20.27 0.21 20.89
Betula pendula (Silver Birch) 0.20 21.06 1.02 20.32 0.26 20.86
Salix viminalis (Common Osier) 0.11 21.21 1.03 20.20 0.15 20.77
Salix x rubens (hybrid Crack Willow) 0.19 21.21 0.96 20.25 0.24 20.90
Populus nigra (Black Poplar) 0.13 20.97 0.95 20.27 0.14 20.87
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um5 0.12–0.75. At um5 1.0–1.5 m/s, i.e., outside the
velocity range used for determining the parameter values,
the mean errors in f 00S and f 00tot were 10% and 6%, respec-
tively. For the just submerged foliated S. caprea, the mean
error in f 00tot was 20% at um5 0.09–0.39. For the leafless S.
caprea at the relative submergences of 0.4–1.0, the mean
error in f 00S was 30% at um5 0.07–0.45. The values of S.
caprea were typically under predicted and the error
increased with increasing velocity, which was explained by
the difference between the applied and measured vS. We
used vS520.25, which resulted in a significant reduction
in the predicted f 00S with the increasing velocity. However,
no stem reconfiguration occurred according to the measure-
ments of J€arvel€a [2002a], so that the measured f 00S did not
reduce with the velocity.
[46] Finally, we analyzed the importance of the stem

reconfiguration for the estimation of f 00S. For this, we com-
pared the errors in the f 00S values estimated with equation (5)
that ignores reconfiguration to those obtained with equation
(10). The CD values of equation (5) were derived for the
five species from the data of the single twigs. The mean
error in f 00S was 3% with equation (10) and 14% with equa-
tion (5) while the maximum errors were 13% and 34%,
respectively. For the A. glutinosa saplings [Xavier, 2009;
Dittrich et al., 2012], application of equation (5) instead of
equation (10) increased the error in f 00S from 10% to 18% at
um5 1.0–1.5 m/s but only from 18% to 19% at um5 0.12–
0.75 as the reconfiguration was stronger at the higher veloc-
ities. For S. caprea of J€arvel€a [2002a], the error in f 00S
increased from 30% to 43% when we used the parameter
values of the S. x rubens twigs and equation (5) instead of
equation (10). As a whole, applying equation (5) resulted in
f 00S being under estimated at the lower half of the velocities
for the twigs and saplings and overestimated at the higher
velocities for all species except for the rigidly behaving
S. caprea.

5. Discussion

[47] This study focused on the explicit consideration of
both the foliage and stem for the flow resistance modeling
of woody vegetation. As the experimented twigs repre-
sented the smallest relevant size scale of woody vegetation,
we were able to obtain detailed understanding of the drag
and reconfiguration processes and to directly determine all
the required plant properties. We started by investigating
the foliated twigs, for which the leaf-area-to-stem-area ratio
AL/AS was shown to be a key property. Increasing AL/AS
resulted in a systematically more pronounced reconfigura-
tion, as illustrated in Figure 4, since reconfiguration was
greater for the foliage compared to the stem. Even at the
interspecific level, the reconfiguration was primarily
explained by AL/AS while the interspecific variation in the
reconfiguration parameters vF and vS was of minor impor-
tance. Because of the significant impact of the foliage, the
reconfiguration of foliated plants cannot be reliably pre-
dicted using such plant-scale bulk properties that are
mainly controlled by the stem. For instance, although the
flexural rigidity is a key property for governing the reconfi-
guration of simple flexible elements [e.g., Gosselin et al.,
2010; Luhar and Nepf, 2012], the bulk flexural rigidity of a
foliated tree does not adequately reflect the effect of the

foliage. Indeed, Butler et al. [2012] found that the reconfi-
guration (which they refer to as streamlining efficacy) of
foliated woody plants correlates poorly with their bulk flex-
ural rigidity and Young’s modulus.
[48] As reconfiguration describes the reduction in the

rate of increase in the drag with velocity compared to the
expected squared rate, the greater reconfiguration of the
foliage compared to the stem explained the decreasing
foliage-stem drag ratio FF/FS with the increasing velocity.
This was in agreement with the results reported by Tanaka
et al. [2011] and Dittrich et al. [2012] for saplings. Our
experiments demonstrated that FF/FS, and thus the share of
the foliage drag to the total drag, was directly dependent on
AL/AS (Figure 5), supporting the observations of Wilson
et al. [2008]. The measured shares of the foliage and stem
drag were highly variable at the examined AL/AS range,
which explained the observed variability in Ftot/AL. The
findings related to the effect of AL/AS on the foliage-stem
drag ratio and on the total drag per leaf area were expected
to apply at least qualitatively also for sapling-sized vegeta-
tion because the foliage was tested at real scale and the
stems had fairly similar behavior at the twig and sapling
scales. As an example, the fact that the A. glutinosa sap-
lings of Dittrich et al. [2012] had an appreciably lower
share of the foliage drag than the present fully foliated
twigs [see Aberle and J€arvel€a, 2013, Figure 3] was attrib-
uted to the lower leaf-area-to-stem-area ratio of the sap-
lings: the mean FF/FS of the saplings having an estimated
mean AL/AS5 6 corresponded closely to the values extrap-
olated from the AL/AS – FF/FS relationships of the twigs in
Figure 5. As a whole, our results indicated that both the
foliage and stem are important in controlling the drag and
reconfiguration of foliated woody vegetation and should
preferably be explicitly parameterized in flow resistance
modeling.
[49] The explicit parameterization of the foliage and

stem was accomplished by separately examining the foli-
age and stem drag. Of the analyzed three properties for
describing the abundance of the foliage, the leaf area was
the most physically sound since the species showed the
lowest interspecific differences in the foliage drag in rela-
tion to the leaf area (FF/AL). The higher differences in the
foliage drag per foliage dry mass (FF/mF,D) and wet mass
(FF/mF,W) were related to the interspecific variation in the
specific leaf area AL/mF,D, the value of which depends on,
e.g., environmental conditions, such as soil nutrient status
and rainfall level [e.g., Fonseca et al., 2000]. The interspe-
cific differences in the foliage drag were greater than those
in the stem drag, indicating that the variation in the total
drag between foliated species typically results more from
differences in the properties of the foliage than those of the
stem. For the stems, the frontal-projected stem area AS was
a slightly more accurate drag predictor than the lateral-
projected stem area AS,lat, and the physical soundness of AS
is supported by the fact that form drag dominates over skin
friction for riparian species [e.g., Nikora, 2010]. Estab-
lished methods and devices are available for extracting the
stem areas of leafless plants [e.g., J€arvel€a, 2004; Antonara-
kis et al., 2009] and the leaf areas of foliated plants [e.g.,
Cutini et al., 1998; Antonarakis et al., 2010]. Additionally,
measurement techniques allowing the determination of
both the leaf and stem areas of foliated vegetation have
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been developed [e.g., Zou et al., 2009]. We recommend
direct measurements of the leaf area over estimates based
on the leaf mass and reference values of AL/mF,D because
the specific leaf area may show intraspecific variation
caused by factors such as shading [e.g., Westoby et al.,
2002].
[50] The new model (equation (10)) based on the linear

superposition of the foliage and stem drag could satisfacto-
rily predict the friction factors of the foliated and leafless
twigs and saplings. Because of the parameterization of the
stem reconfiguration, equation (10) provided more accurate
estimates of f 00S than equation (5) that does not directly con-
sider the reconfiguration. Equation (10) improved the reli-
ability and physical basis of the flow resistance modeling
also for foliated vegetation. First, the separate parameter-
ization of the foliage and stem allowed using the same
parameter values over a wide range of AL/AS while equation
(4) based solely on AL caused significant errors. The applic-
ability of the parameter values of equation (10) to different
AL/AS was considered advantageous since deciduous spe-
cies show marked variation in the foliation depending on,
e.g., seasonal differences. In addition, AL/AS is influenced
by the growing conditions and can vary by almost tenfold
even for stands of the same species in one habitat as inter-
preted from Figure 10 in Br�eda [2003]. The second benefit
of the new model is that it may allow using the same
parameter values for specimens of various sizes, as shown
for the examined twigs and saplings, since the potential dif-
ferences in AL/AS due to the differing development stages
of plants are taken into account. This was an important
improvement because the abundance of the foliage in rela-
tion to the stem varies depending on plant size, with twigs
having values as high as AL/AS5 30–70 [V€astil€a et al.,
2013; this study] while AL/AS5 6–19 has been measured
for saplings [V€astil€a and J€arvel€a, 2011; Dittrich et al.,
2012; Jalonen and J€arvel€a, 2013] and AL/AS�1–13 for
mature trees [Cutini et al., 1998; Br�eda, 2003; Barclay
et al., 2000]. Third, the new model enables exploring issues
that cannot be addressed using equations (4) and (5). For
instance, the model can be used for analyzing how differing
abundance of the foliage in relation to the stem influences
the reconfiguration of foliated vegetation or how interspe-
cific differences in the values of the foliage and stem
parameters affect the total resistance.
[51] The values of the model parameters depend on sev-

eral physical factors. The stem drag coefficient CDv,S is
governed by the same factors as drag coefficients computed
with equation (1). For rigid cylindrical elements of a high
aspect ratio (height divided by diameter), the drag coeffi-
cient is primarily affected by the Reynolds number but
remains between 1.0 and 1.2 at the Re range of 4 3 10225
3 104 [Schlichting and Gersten, 2000]. However, the drag
coefficient asymptotically declines with the decreasing
aspect ratio [e.g., Uematsu and Yamada, 1995, and referen-
ces therein]. Investigations with natural stems show that the
stem drag coefficient declines also with decreasing surface
roughness [e.g., Tanaka et al., 2011; Shields and Alonso,
2012]. The foliage drag coefficient CDv,F is principally
affected by the relationship between the frontal-projected
area of the foliage and the leaf area (AP,F/AL) at the refer-
ence velocity uv,F. Lower values of AP,F/AL signify a more
drag-efficient alignment of the foliage, but AP,F is not taken

into account in equation (10) which uses AL as the refer-
ence area. Thus, the notable interspecific variation in CDv,F
was largely explained by the differences in AP,F/AL at 0.2
m/s (Figure 8b). The foliage drag coefficient was supposed
to be influenced also by leaf-scale factors. At the leaf scale,
streamlined leaf shapes and smooth leaf margins, similar to
those exhibited by the two Salix species, have been found
to reduce the drag compared to complex-shaped and ser-
rated leaves [Albayrak et al., 2012].
[52] The reconfiguration parameters vF and vS mainly

depend on the changes in the frontal-projected area and
shape of the foliage and stem with the velocity. For the foli-
age, this dependency is illustrated by the similar pattern of
decrease of the frontal-projected area and drag coefficient
(Figure 8). The frontal-projected areas can decrease via
various mechanisms, such as the bending of the stem [cf.,
Xavier, 2009; Wunder et al., 2011] or the compaction of
the foliage [e.g., Vogel, 1989; Vollsinger et al., 2005]. In
addition, the individual leaves attained a closer to parallel
orientation with respect to the main flow direction as the
velocity increased. Thus, individual leaves can be likened
to thin flat plates, for which the drag per wetted area stead-
ily decreases as the orientation changes from perpendicular
to parallel with the main source of drag shifting from the
form drag to the skin friction [Ellington, 1991; Vogel,
1994]. The ability to acquire a drag-efficient orientation in
a flow has been observed to improve with the lower flexural
rigidity of the leaf blades [Albayrak et al., 2012] and longer
petioles [Vogel, 1989]. The effect of the leaf shape on
reconfiguration is not straightforward because it depends
on the serration and surface roughness of the blades
[Albayrak et al., 2012]. For the stem, the reduction in the
frontal-projected area is likely related to the flexural rigidi-
ties of the various trunk, branch, and twig elements.
Finally, we point out that some of the parameter values,
particularly vF and CDv,S, were fairly equal between the
investigated species. When additional data become avail-
able in the future, we will analyze to what extent the
parameter values are species specific and determine
whether it would be possible to apply the same parameter
values for groups of similar species.
[53] The limitations of the proposed model and derived

parameter values originate mainly from the size and scale
dependency of the processes related to the flow-vegetation
interaction. Although the twig-sized specimens exhibited
characteristics typical for all sizes of woody vegetation—
such as woody and foliage components, leaves having a
natural orientation in relation to the stem, and both single-
stemmed and branched structures—the reported parameter
values may not be representative of, e.g., full-sized trees,
the stems of which likely undergo less reconfiguration than
those of twigs or saplings. In addition to the plant size, the
parameter values are affected by the scale of investigation
and presumably differ for instance between the leaf and
foliage scales. Further, the model does not distinguish
between the plant and stand scales as the spacing and pat-
tern of the plants are not considered. Increasing spacing has
been reported to decrease the bulk drag coefficient for rigid
cylinders in a stand [e.g., Tanino and Nepf, 2008; Kothyari
et al., 2009]. Similarly, experiments with rigid cylinders
and artificial vegetation elements conducted at the same
spacing as the present twig experiments showed that the
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mean drag is lower for single, isolated elements compared
to those in a staggered arrangement [Schoneboom, 2011;
Dittrich et al., 2012]. Thus, the differences in the spacing
between the single plant and plant stand experiments may
be one reason for the fact that over 90% of the predicted f 00tot
of the twigs were negatively biased (Figure 11) although
the specimens used in both types of experiments were of
similar size and collected from the same area within a few
weeks. Despite the systematic bias, the obtained mean
errors (6–24%) and maximum errors (18–30%) were rea-
sonable, so that ignoring the effect of spacing was justified
at the investigated ranges of AL/AB (<3.2) and AS/AB
(<0.056). The applicability of the obtained parameter val-
ues to denser plant stands or larger specimens should be
analyzed once suitable drag or flow resistance data sets are
published.

6. Conclusion

[54] The description of natural woody vegetation in
hydraulic modeling is difficult. As a novel approach to
address the problem, we investigated whether the explicit
parameterization of both the foliage and stem would
improve the estimation of vegetative flow resistance. Using
experimental data, we showed that the drag and reconfigu-
ration of the foliated twigs were strongly governed by the
leaf-area-to-stem-area ratio AL/AS. Increasing AL/AS led to
greater reconfiguration and increased the share of the foli-
age to the total drag. Consequently, the drag force normal-
ized with the leaf area notably decreased with increasing
AL/AS, which was shown to be a potential source of error
for equation (4) that estimates the friction factors using the
leaf area. Overall, the separate consideration of the foliage
and stem was found to allow a better representation of the
physical processes as opposed to describing foliated vege-
tation with plant-scale parameters that lump together the
influence of both plant parts. The developed model (equa-
tion (10)) using separate physically based parameters for
the foliage and stem is intended for flow velocities of 0.05–
1 m/s, and it proved to be suitable for predicting the friction
factors of twig to sapling-sized woody vegetation at all
tested foliation levels (AL/AS5 6–72) and at leafless condi-
tions. The parameter values obtained for the five species
(Table 2) constitute a useful reference data set and allow
directly applying the model to vegetation of known leaf
area and frontal-projected stem area. In addition to predic-
tive purposes, equation (10) can be employed to explore
how differing abundance of the foliage in relation to the
stem affects the drag and reconfiguration of woody
vegetation.

Notation

AB unit ground area.
AC characteristic reference area.
AL one-sided leaf area.
AL/AS leaf-area-to-stem-area ratio.
AL/mF,D dry specific leaf area.
AP,F frontal-projected area of the foliage.
AS frontal-projected stem area.
AS,lat lateral-projected stem area.
CD drag coefficient.

CD bulk drag coefficient with respect to um.
CD,F foliage drag coefficient.
CD,S stem drag coefficient.
CDv drag coefficient that takes into account

reconfiguration.
CDv,F foliage drag coefficient that takes into account

reconfiguration.
CDv,S stem drag coefficient that takes into account

reconfiguration.
cv coefficient of variation.
d stem diameter at the base.
DFS drag force sensor.
F drag force.
FF foliage drag.
FF/FS foliage-stem drag ratio.
FS stem drag.
Ftot total drag of foliated vegetation.
f 00 vegetative friction factor.
f 00F friction factor of the foliage.
f 00S friction factor of the stem.
f 00tot friction factor of foliated vegetation.
g gravitational acceleration.
LAI leaf area index (AL/AB).
lC characteristic length.
mF,D foliage dry mass.
mF,W foliage wet mass.
mS,D stem dry mass.
mS,W stem wet mass.
N number of specimens.
R hydraulic radius.
ReS stem Reynolds number.
uC characteristic approach velocity.
um cross-sectional mean velocity.
uv lowest velocity used in determining v.
uv,F lowest velocity used in determining vF.
uv,S lowest velocity used in determining vS.
v reconfiguration parameter.
vF reconfiguration parameter of the foliage.
vS reconfiguration parameter of the stem.
vtot reconfiguration parameter of foliated vegetation.
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