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Abstract: Reliable estimation of vegetative flow resistance calls for physically sound and readily measurable plant 9 

properties. Laboratory flume investigations were conducted to examine four reference area properties in relation to the 10 

drag, reconfiguration, and flow resistance of foliated Black Poplar twigs. The experiments were novel in that three 11 

characteristic reference areas (leaf area AL, frontal projected area under flow AP, and still-air frontal projected area A0) 12 

as well as the foliage–stem reference area ratio (AL/AS) were evaluated. The drag forces were simultaneously measured 13 

for up to eight specimens in a plant stand at both partly and just submerged conditions. Due to the high AL/AS of the 14 

twigs, leaves contributed 74-98% of the total drag at mean velocities of 0.1-0.9 m/s. Both the partly and just submerged 15 

poplars had similar AP and drag per characteristic reference area. Thus, the derived parameter values could be used to 16 

estimate the friction factors of the poplar stands at low to just submerged conditions, with each of the three 17 

characteristic reference areas providing satisfactory estimates. The flow resistance estimation with AL could be further 18 

improved by using AL/AS as a secondary area parameter to take into account the share of the stem to the total drag. 19 

Comparison to literature data on other deciduous species suggested that the foliage–stem reference area ratio was an 20 

essential property for explaining the between-species variation in AP and flow resistance per AL. 21 

Keywords: vegetation, foliage, drag force, flow resistance, reconfiguration, characteristic reference area 22 

1. Introduction 23 

Vegetation is a fundamental component of floodplain and riparian ecosystems, and vegetative flow resistance needs to 24 

be estimated for many management and restoration purposes. Approaches based on physically sound and readily 25 

measurable properties of vegetation are expected to provide the most reliable and objective estimates. Of the different 26 

vegetation types, the flow resistance of foliated deciduous trees and shrubs is particularly difficult to estimate due to the 27 

limited understanding of the most suitable parameterization of these plants, applicability of the same parameter values 28 

http://ees.elsevier.com/hydrol/download.aspx?id=586241&guid=6ae5435b-7e19-40ad-83d5-db65dd4b0df9&scheme=1
http://ees.elsevier.com/hydrol/viewRCResults.aspx?pdf=1&docID=11634&rev=1&fileID=586241&msid={21FDC11D-4EC3-478C-B5E9-E79F7B320DA2}
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to both partly and fully submerged vegetation, and differences in resistance among various species and genera. 29 

Deciduous species growing on floodplains and channel banks include for instance poplars (Populus spp.) and willows 30 

(Salix spp.). In general, deciduous species can be characterized as bending plants of a high flexural rigidity, as opposed 31 

to tensile plants of a very low flexural rigidity (Nikora, 2010). Tensile plants, such as many macrophytes, follow the 32 

flow, and their flow resistance is thus mainly generated by viscous drag (e.g. Miler et al., 2012). By contrast, bending 33 

plants experience mainly form drag despite the significant reconfiguration of the different plant parts when exposed to 34 

flow. The classical approach (e.g. Hoerner, 1965) defines the drag force F exerted on an object in a flow as 35 

2

2

1
ccD uACF     (1) 36 

where ρ is fluid density, Ac is the characteristic reference area, and uc is the characteristic approach velocity. 37 

CD=CD(Re) is the drag coefficient of the object while Re is the object’s Reynolds number (Re=uclc/ν where lc is the 38 

characteristic length of the object and ν is the kinematic viscosity of the fluid). For rigid, non-streamlined objects, CD is 39 

fairly constant at the Re range relevant for practical applications, and therefore F  uc
2 
(e.g. Hoerner, 1965). By 40 

contrast, the F–uc relationship is closer to linear for foliated trees which are able to reconfigure into a more 41 

hydrodynamically efficient shape with increasing velocity (e.g. Cullen, 2005; Wilson et al., 2010). Expressing the 42 

relationship between drag and velocity for a given object as F  uc
2+b

 allows characterizing the deviation from the 43 

expected squared relationship with the Vogel exponent b (Vogel, 1994). For instance, b=–1 for objects experiencing a 44 

linear increase in drag with the velocity. The Vogel exponent is thus a measure of the reconfiguration, i.e. of how drag 45 

changes with velocity (de Langre, 2008; Nepf, 2012). Deciduous species achieve reconfiguration for instance by 46 

reducing their frontal projected area AP (e.g. Wunder et al., 2011) and by acquiring a more streamlined shape of the leaf 47 

clusters (Vogel, 1989) and of the entire plant. Although reconfiguration alters the CD values of flexible vegetation (e.g. 48 

Dittrich et al., 2012), a constant CD is often assumed in practical applications when drag is modeled with Eq. 1. 49 

In hydraulic engineering, flow resistance needs to be considered at the reach scale, at which vegetation can be regarded 50 

as plant stands comprised of individual trees and bushes. Flow resistance is commonly expressed with resistance 51 

coefficients, including the Darcy-Weisbach friction factor f or Manning’s n which are related as 
23/18 ngRf 52 

where g is acceleration due to gravity and R is hydraulic radius. The total resistance coefficient may be divided into 53 

separate coefficients for the main contributing factors according to the superposition principle (Yen, 2002). In vegetated 54 

flows, for instance, the total friction factor f may be separated into the friction factors due to vegetation (f’’) and bed 55 

friction (f’) as f=f’+f’’. In analogy to bed friction, the vegetative friction factor f’’ of a plant stand consisting of uniform 56 

vegetation elements can be determined from the average drag force of the individual elements (<F>) as  57 
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where ax and ay are the longitudinal and lateral spacing of the elements and um is the mean velocity. To estimate f’’ for a 59 

stand of foliated trees or shrubs, Järvelä (2004) developed a formulation that uses a constant, species-specific drag 60 

coefficient CDχ: 61 
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where LAI is leaf area index, defined herein as the ratio of the one-sided leaf area (AL) to the ground area (Ab). LAI, i.e. 63 

AL/Ab, thus represents the characteristic reference area of the vegetation (in this case AL) per ground area. Eq. 3 64 

considers reconfiguration through the species-specific vegetation parameter χ (which is equivalent to the Vogel 65 

exponent b, Aberle & Järvelä, 2013) and the term um/uχ where the mean velocity um is normalized with uχ that denotes 66 

the lowest velocity used in determining χ. Values of the species-specific parameters may be derived from flume or field 67 

experiments. Eq. 3 is suitable for just submerged flow conditions (i.e. h/H1, where h is water depth and H is deflected 68 

plant height), but its applicability may be extended to partly submerged conditions (h/H≤1) by defining a scaling 69 

parameter for LAI (Järvelä, 2004).  70 

Formulations of both vegetative drag (Eq. 1) and friction factor (Eq. 3) employ the characteristic reference area, which 71 

has been defined in different ways for natural foliated vegetation (see e.g. Aberle et al., 2010). While studies on the 72 

wind throw risk of trees typically use the still-air frontal projected area (A0) or the frontal projected area under flow (AP) 73 

as the reference area (Koizumi et al., 2010; Rudnicki et al., 2004; Vollsinger et al., 2005), analyses on the performance 74 

of AP and A0 for trees in water flows are scarce (however, see Dittrich et al., 2012; Wunder et al., 2011). On the other 75 

hand, the one-sided leaf area (AL) of Eq. 3 seems to be a physically sound reference area as foliage may generate half or 76 

more of the drag of deciduous saplings (Järvelä, 2002; Vollsinger et al., 2005). The various reference area definitions 77 

may be employed in the estimation of the vegetative friction factor by replacing AL in Eq. 3 by some other characteristic 78 

reference area Ac:  79 
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The values of CDχ and χ will depend on the selected reference area.   81 
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Foliated trees are comprised of two plant parts, foliage and stem, that differ in e.g. flexibility. Therefore, the abundance 82 

of foliage in relation to the stem may be an important controlling factor for the reconfiguration and flow resistance of 83 

foliated vegetation. For instance, Wilson et al. (2008) compared ivy to the willows of Armanini et al. (2005) and found 84 

that the share of foliage to drag was larger for the species having more abundant foliage, i.e. a higher ratio of leaf area 85 

to the total frontal projected area. The abundance of foliage in relation to the stem can be parameterized by some form 86 

of foliage–stem reference area ratio, such as the leaf-area-to-stem-area ratio (AL/AS). The foliage–stem reference area 87 

ratio may be used e.g. in characterizing the vertical distribution of foliage at different relative submergences for the 88 

flow resistance prediction. For instance, trees with approximately uniform vertical distribution of foliage have been 89 

reported to have similar flow resistance per submerged AL at both partly and just submerged conditions (Järvelä, 2006; 90 

Kouwen & Fathi-Moghadam, 2000). These findings suggest that considering AL/AS as a secondary area parameter (in 91 

addition to the primary area parameter, i.e. the characteristic reference area) may improve the predictive capabilities of 92 

flow resistance formulations. Of these two parameters, AL/AS characterizes the relative importances of the foliage and 93 

stem while the characteristic reference area takes into account the size of the plant. Such a scaling parameter for size is 94 

needed since similar AL/AS values may be obtained for plants of variable sizes (e.g. from twigs to a few meter tall 95 

saplings). 96 

This paper investigates selected reference area properties of foliated deciduous vegetation for hydraulic considerations. 97 

Novel experimental data was obtained from Black Poplar (Populus nigra) stands formed in a laboratory flume. The 98 

drag forces were measured simultaneously for 3-8 poplar specimens while AP was recorded by underwater photography. 99 

The paper analyses the reconfiguration and frontal area reduction of the plants as well as explores the estimation of flow 100 

resistance with three characteristic reference areas (leaf area AL, frontal projected area under flow AP, and still-air 101 

frontal projected area A0) and the foliage–stem reference area ratio (expressed as AL/AS). Measurements were 102 

conducted at the relative submergences of 0.3, 0.7 and 1.0 to examine whether the drag and reconfiguration differ 103 

between the partly and just submerged plants. The Black Poplars were compared to literature data on Populus and Salix 104 

species to analyze the capabilities of the selected reference areas and foliage–stem reference area ratio for 105 

characterizing the flow resistance and reconfiguration of foliated deciduous vegetation. The poplar specimens were 25 106 

cm tall twigs collected from mature trees. 107 
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2. Methods 108 

2.1 Hydraulic experiments with single poplars and poplar stands 109 

Black Poplar (Populus nigra) was selected for this study since it is a species commonly growing on riparian areas. In 110 

the experiments, drag forces were measured at various flow velocities for single poplars in the foliated and defoliated 111 

condition as well as for several foliated poplar specimens positioned in plant stands of varying density and relative 112 

submergence. The tested poplar twigs were cut from two mature trees growing next to each other in a terrestrial habitat 113 

in Braunschweig, Germany. The catkins and seed tufts were removed prior to the experiments so that each specimen 114 

consisted of leaves and a woody stem. The stem height of the specimens was 23 cm while the height to the topmost 115 

leaves was approximately 25 cm (Figure 1a). As most of the specimens had a slightly bent stature, they were positioned 116 

in the flume so that they bent towards downstream in still water. The properties of the poplars in the investigated stands 117 

are documented in Table 1.  118 

Experiments were carried out in a 32 m long, 0.6 m wide tilting laboratory flume in the hydraulic laboratory of the 119 

Leichtweiß-Institut für Wasserbau, Technische Universität Braunschweig, Germany. The bed roughness in the flume 120 

consisted of a rubber mat with 3 mm high pyramidal-shaped roughness elements. Discharge was controlled by a valve 121 

and measured by an inductive flow meter while water depth (h) was adjusted by a tailgate located 9 m downstream from 122 

the test section. The water depth and water surface slope were determined using five piezometers installed along the 123 

plant stand. Mean flow velocity (um) was calculated from the continuity equation neglecting the vegetation volume and 124 

is used in this paper as the reference velocity. All experiments were carried out with steady uniform flow conditions (in 125 

a spatially averaged sense), and the drag forces acting on up to eight vegetation elements were recorded using the drag 126 

force sensors (DFS) described in Schoneboom et al. (2008) and Schoneboom (2011). The sensors were installed below 127 

the flume bottom in the 1.5 m long test section, located 16 m downstream of the flume inlet, to ensure that they did not 128 

disturb the flow and that they could be easily rearranged to match the corresponding plant densities. Each DFS consists 129 

of a 140 mm long, 20 mm wide, and 3 mm thick bending steel beam that is connected to an aluminium base plate by a 130 

rigid joint (Figure 2). A freely movable aluminium head plate is fixed to the top of the steel beam in which a vegetation 131 

element is attached, acting as a cantilever when subjected to flow. The compression strains generated by the vegetation 132 

element are measured by two Wheatstone full bridge configurations formed by four strain gauges mounted at the 133 

positions 1 and 2, separated by the distance l. The drag force F exerted onto the vegetation element is computed as  134 

l

MM
F 21   (5) 135 
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where the bending moments M1 and M2 acting on positions 1 and 2 are determined from the compression strains and the 136 

properties of the steel beam according to Keil (1995). The measurement errors of the calibrated sensors were ±0.01 N 137 

for F=0-0.5N, and ±0.02 N for F=0.5-2 N. The drag forces were recorded at the sampling rate of 200 Hz for three 138 

periods of 60 s which was found sufficient to reach a stable mean value. The data presented in this paper are based on 139 

the time-averaged drag forces that were obtained by computing the average value of the three 60 s periods. 140 

Firstly, three single poplars were tested with only one specimen positioned in the flume at a time. The drag forces were 141 

measured for the same specimens in the foliated and defoliated condition (see Table 2), and the share of the foliage to 142 

drag was determined by subtracting the drag of the defoliated specimen from the drag of the foliated specimen. The 143 

defoliated specimens are referred to as stems in this paper. Secondly, poplar stands were investigated with the 144 

individual poplars arranged in a staggered pattern where the lateral spacing ay of the plants equaled to the longitudinal 145 

spacing ax of the plant rows (Figure 3). Half of the leaves were removed from selected specimens close to the flume 146 

walls to achieve a uniformly distributed plant density. The poplars formed a 5 m long stand extending approximately 147 

1.5 m upstream and downstream of the test section (Figure 1b). The plant stand was preceded and followed by a 6 m 148 

long continuous vegetated area composed of artificial poplar elements (described by Schoneboom et al., 2008) to create 149 

a fully developed flow inside the stand. Five plant stands were examined: three just submerged stands (h/H=1.0) with 150 

the plant spacing of 0.20 m (hereafter h/H=1.0_20S), 0.30 m (h/H=1.0_30S) and 0.40 m (h/H=1.0_40S), respectively, 151 

as well as two partly submerged stands with the plant spacing of 0.30 m and h/H=0.3 (h/H=0.3_30S) and h/H=0.7 152 

(h/H=0.7_30S) (Table 2). Thus, the plant density varied from 6.25 to 25.0 plants per m
2
, with the sparsest spacing 153 

enabling only three plants to be attached to the force sensors. The water level was just above the top of the bent plants 154 

for the just submerged stands. For the partly submerged stands, the water level was slightly lowered towards the higher 155 

velocities to ensure that the amount of submerged foliage remained the same at all examined velocities despite the 156 

minor bending of the plants. Experiments with one just submerged stand took two days, and freshly cut specimens were 157 

collected for each of the three stands to ensure the vitality of the plants. The investigation of the two partly submerged 158 

stands lasted altogether three days and the same specimens were used in both stands.  159 

 160 

The characteristic reference areas were determined according to the relative submergence, so that the areas below the 161 

plant height of 8 cm and 16 cm, respectively, were considered for the specimens with h/H=0.3 and 0.7. Three randomly 162 

selected specimens in each stand were photographed from the downstream direction with a submersible camera in still 163 

air before the hydraulic experiments and under flow at the different examined velocities. A 10 cm reference scale was 164 

positioned at the longitudinal mass centre of the foliage which was visually estimated for each measurement to take into 165 

account the increasing bending of the plants with velocity. The frontal projected areas in still air (A0) and under flow 166 
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(AP) were obtained with image analysis software by manually delineating the contours of each specimen and using the 167 

single reference scale (Figure 1c). Later, A0 values were found to be negatively biased for three of the partly submerged 168 

plants that had a longitudinally bent stature, which resulted from the fact that the reference scale was positioned at the 169 

mass centre of the foliage of the entire 25 cm tall plant instead of at the mass centre of the foliage located below the 170 

plant heights of 8 cm and 16 cm. Therefore, variables comprising A0 were excluded from the statistical analyses. For 171 

the remaining specimens, the mean error in A0 and AP was assumed to be ±10% due to the inaccuracies in the mass 172 

centre estimation and image analysis. Such errors resulting from image scaling are typical for flexible, bending 173 

vegetation (Sagnes, 2010). After the experiments, the leaves of each instrumented plant were collected and scanned, and 174 

the one-sided leaf areas (AL) were determined with image analysis software. Stem areas (AS) were obtained by laying 175 

the stems flat on the scanner, and therefore AS was slightly higher than the frontal projected stem area A0,S.  176 

2.2. Data analyses 177 

Statistical analyses were performed with Statistix 9.0 to examine the relationships between F and the characteristic 178 

reference areas AL, A0 and AP as well as the leaf-area-to-stem-area ratio AL/AS. Firstly, we analyzed whether F and AP 179 

in relation to reference area differed between the three relative submergences. For this, F/AL values were computed for 180 

each instrumented specimen while F/AP and AP/AL values were derived for those three specimens per stand which had 181 

been photographed. As the measured velocities varied between the stands, the values at selected target velocities were 182 

interpolated from the power-type regression equations fitted between velocity and F/AL, F/AP, and AP/AL for each 183 

stand. The highest target velocity where values were obtained for the partly submerged plants was u=0.46 m/s. The 184 

differences in F/AL, F/AP, and AP/AL between the relative submergences were tested separately at four target velocities 185 

with Welch’s t-test for independent samples (Welch, 1947) which allows for unequal sample sizes and variances. The 186 

procedure involved firstly testing the differences between the two partly submerged conditions (h/H=0.3 and 0.7), after 187 

which the data of the two partly submerged stands were lumped together and compared to the just submerged condition 188 

(h/H=1.0). This approach based on two t-tests was chosen instead of an analysis of variance with the three relative 189 

submergences in order to improve the statistical power. Secondly, to examine whether the variation in flow resistance 190 

between the stands could be associated with plant properties, the differences in the plant properties were tested between 191 

the two partly submerged stands (group 1), and between the three just submerged stands (group 2) using analysis of 192 

variance with Welch’s F test (Table 1). Thirdly, we examined whether the prediction of F is improved when AL/AS is 193 

used as a secondary area parameter in addition to the reference area AL. For this, linear regression equations with 194 

intercepts were fitted between F/AL and AL/AS at each velocity separately for the partly and just submerged plants. In 195 

all statistical analyses, we considered probability p<0.05 significant and probability p<0.10 to suggest that there is some 196 

evidence against the null hypothesis. Fourthly, to characterize the drag and AP with respect to velocity, power-type 197 
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regression equations were fitted between velocity and the measured AP/AL, Ap/A0, F/AL, F/AP, and F/A0 including all 198 

examined specimens. Since A0 values were not determined for the h/H=1.0_20S stand, they were estimated by 199 

multiplying AL by the mean A0/AL of the other just submerged stands. In all analyses, um was used as the independent 200 

variable instead of the plant Reynolds number (Re=uclc/ν) since it is not clear which plant length scale should be used as 201 

the characteristic length lc for flexible and foliated objects (e.g. Statzner et al., 2006), including foliated trees. For 202 

simply shaped elements, such as cylinders, the object Reynolds number can be clearly defined by using the cylinder 203 

diameter as lc. However, using the stem diameter as lc for foliated vegetation does not adequately reflect the significant 204 

influence of the leaves. As a consequence, we decided not to report plant Reynolds numbers in this paper. 205 

The capabilities of the different characteristic reference areas for estimating the vegetative friction factors f’’ were 206 

analyzed by parameterizing Eq. 4. For this, f’’ values were computed for each poplar stand from Eq. 2. To ensure the 207 

comparability of the parameter values of the Black Poplars to those documented in the literature, uχ=0.10 m/s was 208 

selected and thus only experiments conducted at um≥0.10 m/s were included. The parameter values were derived from 209 

power-type regression equations fitted to the data in the form of Eq. 4. Firstly, the parameter values were obtained with 210 

AL as the reference area based on all the available data, and additionally only for the just submerged condition. 211 

Secondly, the capabilities of the three reference areas (AL, AP, and A0) for estimating f’’ of the poplar stands were 212 

evaluated. Here, we used data of those three specimens per stand for which all three reference areas had been 213 

determined. The h/H=1.0_20S stand was excluded from this analysis since A0 values were not measured for it. The root 214 

mean square error (RMSE), coefficient of determination (R
2
), and mean relative error were used as measures of fit. 215 

The Black Poplars were compared to Populus and Salix species to improve the understanding of the reconfiguration and 216 

flow resistance of foliated deciduous vegetation. As there is only limited data available on A0 and AP for deciduous trees 217 

in water flows, we used data measured in air flows for 12-13 m tall Black Poplars (Populus nigra var. italica) by 218 

Koizumi et al. (2010), and for 1.9 m tall crowns of 3-5 m tall Black Cottonwoods (Populus trichocarpa) and Trembling 219 

Aspens (Populus tremuloides) by Vollsinger et al. (2005). These data were transformed to be comparable with the data 220 

measured in water flows by considering the density (ρ) and kinematic viscosity (ν) of air and water at the investigated 221 

temperatures (Vogel, 1994). Denoting the values in air with the subscript a, the equivalent velocity in water (u=uAν/νA) 222 

was obtained from the Reynolds similarity while the equivalent drag force in water was derived from the CD similarity 223 

as 224 

A

AA

F
u

u
F

2

2




  (6)  225 

The reliability of these similarity considerations for flexible vegetation is supported by Kouwen & Fathi-Moghadam 226 

(2000), who found that the flow resistance of four conifer species was similar in air and water flows. The Black Poplars 227 
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were also compared to Järvelä’s (2002, 2004) Goat Willows (Salix caprea) and Dittrich et al.’s (2012) artificial poplars, 228 

for which parameter values of Eq. 4 have been reported with AL as the reference area. The parameter values were also 229 

determined for the Sharp-stipuled Willows (Salix triandra x viminalis i.e. Salix x mollissima) of Järvelä (2006). The 230 

parameters were examined with a view on AL/AS, which was derived for each species from the reported AL, A0,S or 231 

average stem diameter and height. The Vogel exponent b was determined for all species from the power-type regression 232 

equations which were formed at the velocity range corresponding to that of the Black Poplar twigs.  233 

3. Results 234 

Figure 4 shows the simultaneously measured drag forces of the individual 3-8 specimens in the five poplar stands at the 235 

three investigated relative submergences. The range of F was large for the individual specimens at the same relative 236 

submergence. However, the coefficient of variation (standard deviation divided by the mean) of F decreased with 237 

increasing velocity, indicating that the greatest variability in drag occurred at lower velocities. The measured forces 238 

reflected the relative submergence of the plants, with the highest forces obtained for the just submerged plants. For all 239 

three relative submergences, the F–um relationship appeared to be fairly linear at velocities over 0.1 m/s. However, the 240 

slopes of the lines connecting the measured forces varied among the specimens (Figure 4), revealing that each specimen 241 

had a unique reconfiguration pattern in relation to the mean velocity. The reconfiguration and frontal area reduction are 242 

analyzed in detail in Section 3.1 while Section 3.2 focuses on the different characteristic reference areas for the 243 

parameterization of the drag and flow resistance.  244 

3.1 Reconfiguration and frontal area reduction of the Black Poplars 245 

The foliated single Black Poplars had a Vogel exponent b=-0.88, so that their F–um relationship was close to linear 246 

(Figure 5). This was consistent with the marked decrease in the frontal projected areas of the foliated poplars with 247 

velocity (see Figure 6a for the AP values of the specimens in the plant stands). By contrast, the defoliated stems had 248 

b=0.23, and thus the exponent of their F–um relationship was slightly over 2. The approximately squared increase in 249 

drag agreed with the observation that increasing velocity resulted in only slight reduction in AP as well as induced some 250 

potentially drag-increasing vibration of the stems. Further, the stems of the foliated plants were observed to reduce their 251 

AP far less than the foliage despite the fact that the drag on the foliage induced some bending of the stems. The higher 252 

efficiency of the foliated plants to reduce their frontal projected area, and therefore the rate of increase in drag, was 253 

reflected in the decreasing share of the foliage to drag with velocity (Figure 5).  254 

The measured AP of the foliated specimens in the plant stands differed depending on the relative submergence (Figure 255 

6a). However, most of the variation in AP was explained by the leaf area AL (Figure 6b) and the still-air frontal 256 
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projected area A0 (Figure 6c). AP of the just submerged specimens declined, compared to A0, by 50% at um = 0.2 m/s 257 

and by 75% at um = 0.6 m/s. The changes in AP became smaller at the highest velocities, suggesting that the poplar 258 

twigs would have experienced only small further reduction in AP at velocities over 0.6 m/s. The poplars demonstrated a 259 

rather low frontal projected area in relation to the one-sided leaf area: AP/AL was 0.2 at 0.1 m/s and 0.1 at 0.6 m/s. 260 

Although a large scatter was found in AP/AL and AP/A0 between the individual specimens, the power-type regression 261 

equations (AP/AL=0.087um
-0.37

, R
2
=0.77; AP/A0=0.28um

-0.40
, R

2
=0.76) could satisfactorily estimate the pattern of AP 262 

reduction with velocity.  263 

Regarding to the effects of relative submergence, AP/AL was similar for h/H=0.3 and h/H=0.7 at all four velocities 264 

(probability p=0.37-0.97). Although the partly submerged plants appeared to have slightly higher AP/AL compared to 265 

the just submerged plants (Figure 6b), no significant differences were found between them at um=0.10 m/s and um=0.32 266 

m/s (p=0.18-0.96). However, there was some evidence that AP/AL was greater for the partly submerged plants at 267 

um=0.21 m/s and um=0.46 m/s (p=0.064-0.096). For all three relative submergences, the orientation of the leaves in the 268 

main flow direction was the main mechanism of frontal area reduction. However, the just submerged plants had a 269 

greater ability to bend their main stem and side-twigs downstream, and thus to cover their downstream leaves by the 270 

upstream leaves, which may explain their slightly lower AP/AL compared to the partly submerged plants. On the other 271 

hand, reconfiguration (Vogel exponent) was similar for the partly (b=–1.01) and just submerged plants (b=–1.03). The 272 

negatively biased A0 values for some of the partly submerged specimens (see Section 2.2) resulted in a larger variation 273 

and higher values of AP/A0 compared to the just submerged plants (Figure 6c).  274 

3.2 Estimating the drag and flow resistance of the Black Poplars with three characteristic reference 275 

areas (AL, AP and A0) and the leaf-area-to-stem-area ratio (AL/AS) 276 

The individual poplars demonstrated large scatter in the drag–reference area relationships, with some specimens having 277 

up to 100% higher drag per characteristic reference area than others. We focus first on the effects of relative 278 

submergence on the drag–reference area relationships. The partly submerged plants had higher drag per still-air frontal 279 

projected area (F/A0) than the just submerged plants (Figure 7c), which was assumed to result from the biased A0 values 280 

of three partly submerged specimens. Drag per one-sided leaf area (F/AL) was similar for h/H=0.3 and h/H=0.7 at 281 

um=0.10-0.32 m/s (p=0.16-0.45) but slightly higher for h/H=0.3 at the highest examined velocity (p=0.035, Figure 7a). 282 

F/AL was also similar between the partly and just submerged specimens at all velocities (p=0.14-0.88). Further, no 283 

differences were found in drag per frontal projected area under flow (F/AP) between h/H=0.3 and h/H=0.7 (p=0.64-284 

0.89), or between the partly and just submerged specimens (p=0.10-0.30, Figure 7b). Thus, both AL and AP could 285 

describe the drag at all investigated relative submergences for the poplar twigs having AL=300-2200 cm
2
 and AP=40-286 
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460 cm
2
. However, the F/AP values appeared to slightly increase with the relative submergence, which was explained 287 

by the fact that the share of the total hydraulically effective plant area that was not captured by AP increased with 288 

increasing relative submergence. This was consistent with the slightly lower AP/AL values for the just submerged 289 

specimens compared to the partly submerged specimens (see Section 3.1): the plants at higher relative submergences 290 

had a greater ability to bend and thus to decrease their AP by covering downstream plant parts by the upstream parts. 291 

Finally, regression equations including all relative submergences were fitted for F/AL (F/AL = 17.2um
1.00

, R
2
=0.89), F/AP 292 

(F/AP = 255um
1.61

, R
2
=0.93) and F/A0 (F/A0 = 48.6um

0.93
,
 
R

2
= 0.86).  293 

We also investigated the effects of the foliage–stem reference area ratio on drag. For the single plants, foliage 294 

contributed 98% of the drag at 0.10 m/s and 74% at 0.87 m/s, revealing that the drag generated by the stem became 295 

more important at higher velocities (Figure 5). Although the mean share of foliage to drag was high (86%), it was lower 296 

than that suggested by the foliage–stem reference area ratios AL/AS (98%) and A0,F/A0,S (95%, Table 1). With the 297 

reference area definitions AL and AS, the stem generated on average 10 times higher drag per unit reference area 298 

compared to the foliage. For instance, F/AS was approximately 52 N/m
2
 for the defoliated stems at 0.47 m/s while F/AL 299 

was 6.8 N/m
2
 for the foliated specimens. These findings suggested that the large scatter observed in the F/AL values of 300 

the individual poplars could be partly due to the variation in their AL/AS. Thus, we analyzed whether the estimation of F 301 

could be improved by using AL/AS as a secondary area parameter in addition to the primary explanatory parameter AL. 302 

For the just submerged plants, the regression equations between F/AL and AL/AS had negative slopes at all velocities 303 

(Figure 8a). For instance, F/AL decreased from 12 N/m
2
 at AL/AS=50 to 9 N/m

2
 at AL/AS=75 for the highest examined 304 

velocity. It is acknowledged that correlations between ratios sharing a common element (such as AL for F/AL and 305 

AL/AS) may be spurious. However, the R
2
 values between F/AL and AL/AS (R

2
=0.29-0.70) were higher than the 306 

theoretical null correlation for two uncorrelated ratios for which the denominator of one ratio equals the numerator of 307 

the other (R
2
=0.25; Benson, 1965). Furthermore, for the examined just submerged plants, AL and AL/AS could be 308 

considered as two almost independent parameters since the coefficient of determination between them was low 309 

(R
2
=0.16). Thus, the obtained relationships between F/AL and AL/AS were not entirely spurious, and it was concluded 310 

that AL/AS as the secondary explanatory parameter improved the prediction of F for the just submerged plants. The 311 

partly submerged plants also demonstrated negative slopes between F/AL and AL/AS, but most of the regressions were 312 

not significant (Figure 8b). This indicated that AL/AS provided only little improvement for the estimation of F for the 313 

partly submerged plants, which was explained by the fact that AL/AS did not provide much additional information about 314 

the plants as the correlation between AL and AL/AS was notable (R
2
=0.59). On the whole, the decreasing F/AL with 315 

increasing AL/AS was presumed to result from the fact that the stem contributed a lower share to the total drag as its 316 

share of the total reference area decreased. In addition, the effect of AL/AS was stronger at higher velocities, which was 317 
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associated with the larger share of the stem to drag due to the more efficient reconfiguration of the foliage as velocity 318 

increased.  319 

The experimentally obtained vegetative friction factor f’’ decreased as a power function of velocity for all investigated 320 

stands, reflecting the reconfiguration of the plants. For instance, for the densest stand with the spacing a=0.2 m and 321 

AL/Ab =3.25, f’’ declined from 6.17 at 0.09 m/s to 0.83 at 0.56 m/s, corresponding to Manning’s n of 0.202 and 0.072, 322 

respectively. Further values of f’’ may be obtained simply by multiplying the f’’/(AL/Ab) values shown in Figure 9a by 323 

the corresponding AL/Ab values shown in Table 2. The parameters of the vegetative friction factor formulation (Eq. 4) 324 

were fitted using data of all the examined relative submergences because the drag–reference area relationships were 325 

mostly similar for h/H=0.3-1.0. The parameters derived for the Black Poplars using all available data and AL as the 326 

characteristic reference area are shown in the first row of Table 3. At the velocity range of 0.10-0.61 m/s, CDχ was 0.33 327 

and χ was -1.03. The parameter values remained the same when only the just submerged stands were included (at the 328 

AL/Ab range of 0.95-3.25). Comparing the stands revealed that f’’ per AL/Ab was constantly higher for the h/H=1.0_20S 329 

stand than for the h/H=1.0_40S stand. This finding may be explained by AL/AS, the effect of which on F/AL was shown 330 

above for the individual specimens, as the h/H=1.0_20S stand had a significantly lower mean AL/AS than the 331 

h/H=1.0_40S stand (Table 1). Similarly, the f’’/(AL/Ab) values of the h/H=0.3_30S stand were higher than those of the 332 

h/H=0.7_30S stand in association with the significantly lower AL/AS of the h/H=0.3_30S stand. Next, Eq. 4 was applied 333 

to analyze the capabilities of AL, AP and A0 for estimating f’’ of the stands (Figure 9). The results are directly 334 

comparable as the same specimens (those three per stand for which all reference areas were determined) were used for 335 

the three characteristic reference areas. All formulations had a high R
2
 (Table 3), indicating that Eq. 4 could estimate 336 

the pattern of reconfiguration with all three reference areas. AL had an equal mean error as AP but a lower RMSE. The 337 

markedly higher mean error and RMSE for A0 were associated with the biased A0 values for three of the partly 338 

submerged specimens, which led to high f’’/(A0/Ab) values particularly for the stand with h/H=0.7. The choice of the 339 

characteristic reference area affected the derived parameter values: the drag coefficient CDχ was the lowest for AL since 340 

this reference area acquired the highest values while the vegetation parameter χ was the largest for AP which takes into 341 

account the frontal area reduction with velocity.  342 

4. Discussion 343 

The extensive dataset allowed analyzing the capabilities of the three characteristic reference areas (one-sided leaf area 344 

AL, frontal projected area under flow AP, and still-air frontal projected area A0) for estimating the flow resistance of 345 

foliated Black Poplar twigs at h/H=0.3-1.0. As the relative submergence did not have substantial effects on the drag and 346 

AP, the fitted parameters of Eq. 4 and the derived regression equations may be applied to predict the flow resistance and 347 
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AP for both partly and just submerged foliated Black Poplar twigs or saplings. Comparing the results with selected 348 

literature data enabled making some observations regarding to the reconfiguration and frontal area reduction (Section 349 

4.1) as well as the flow resistance estimation (Section 4.2) for foliated deciduous species.  350 

4.1 Reconfiguration and frontal area reduction of foliated deciduous species 351 

The foliated Black Poplars were more efficient in reducing their AP and in reconfiguration compared to the defoliated 352 

stems, suggesting that the efficiency of frontal area reduction and reconfiguration improves with increasing foliage–353 

stem reference area ratio. Comparing the Vogel exponent (b=–1.03) to the exponent of the AP/AL–um regression 354 

equation (-0.37) indicated that frontal area reduction caused only approximately half of the reconfiguration for the 355 

foliated plants. This confirmed the existence of other mechanisms that notably contributed to the reconfiguration, such 356 

as the increasingly streamlined shape of the twigs with velocity. Comparison to other Populus species revealed that the 357 

AP/A0 values of the just submerged Black Poplar twigs were 35-42% and 44% lower than those measured by Vollsinger 358 

et al. (2005) for the 1.9 m tall Black Cottonwoods (Populus trichocarpa) and Trembling Aspens (Populus tremuloides), 359 

respectively. The lower AP/A0 values for the Black Poplars likely partly resulted from their higher foliage–stem 360 

reference area ratio (A0,F/A0,S=~25) compared to that for the Black Cottonwoods (A0,F/A0,S=3.6). However, the effects 361 

of the foliage–stem reference area ratio need to be elucidated in more detail by performing further experiments with 362 

several species in the same flow medium. Despite the differences in the AP/A0 values, the pattern of AP/A0 reduction 363 

was fairly similar for all three species at the investigated velocity range. Moreover, the Vogel exponents computed from 364 

Vollsinger et al. (2005) indicated that the reconfiguration of the Black Poplar twigs (b=–1.03) was almost equal to that 365 

of the Black Cottonwoods (b=–0.94); however, reconfiguration was less efficient for the Trembling Aspens (b=–0.65). 366 

The present Black Poplar twigs were also slightly more efficient in reconfiguration than Koizumi et al.’s (2010) 12-13 367 

m tall mature Black Poplars (b=–0.83). As a whole, the capacity for reconfiguration can be regarded as fairly similar for 368 

the examined Populus specimens considering that they represented varying stages of development and originated from 369 

different geographical locations.  370 

In comparison to similar-sized deciduous species, reconfiguration of the Black Poplars was almost equal to that of 371 

Järvelä’s (2006) 25 cm tall Sharp-stipuled Willows (Salix triandra x viminalis, i.e., Salix x mollissima, b=–0.90) but 372 

more efficient than that of Järvelä’s (2002, 2004) 0.7 m tall Goat Willows (Salix caprea, b=–0.57). For instance, the 373 

friction factor at 0.60 m/s for the Black Poplars was 16% of that at 0.10 m/s while it was 20% for the Sharp-stipuled 374 

Willows and 36% for the Goat Willows (Figure 10c). Comparing the three natural species, reconfiguration appeared to 375 

improve with the increasing AL/AS (Table 4; χ equals the Vogel exponent b). On the other hand, the more efficient 376 

reconfiguration of the Black Poplars compared to the artificial poplars (b=–0.74, Dittrich et al., 2012) was expected to 377 
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result from the differences in their mechanical properties. For instance, the tested artificial poplars had a fairly rigid 378 

blossom which constrains the frontal area reduction of their top leaves (Aberle et al., 2011). 379 

4.2 Estimating the flow resistance of foliated deciduous species with the different reference areas 380 

Each of the three characteristic reference areas, determined from three representative plants, satisfactorily estimated the 381 

friction factors of the Black Poplar stands, but AL and AP provided the most accurate predictions due to the 382 

measurement biases in A0. Only few studies have compared the different reference areas as predictors of flow resistance 383 

for foliated deciduous vegetation, with most of the studies reporting data on only one reference area, typically A0, or 384 

focusing on other plant properties (e.g. Kane et al., 2008; Xavier, 2009). Nevertheless, Vollsinger et al. (2005) found AP 385 

to be a better predictor of drag than A0 for each of the five foliated deciduous species examined in a wind tunnel. A 386 

similar finding has been obtained for three conifer species tested in a wind tunnel (Rudnicki et al., 2004). For the Black 387 

Poplars, large variation was found in the drag–reference area relationships between the individual specimens, which 388 

may be partly attributed to the spatially heterogeneous flow field that is typical for plant stands (e.g. Aberle et al., 2011; 389 

Siniscalchi et al., 2012). Using the same measurement system and comparable flow conditions, Schoneboom et al. 390 

(2010) found that the spatial variability of drag ranged to over 50% for identical artificial poplars in a stand due to the 391 

complex flow field and wake flows. In the present experiments, the flow field heterogeneity was expected to be high 392 

because each natural poplar had a unique structure, shape and pattern of bending.  393 

Comparing the drag–reference area relationships of several foliated species revealed that the F/A0 values for the present 394 

Black Poplars were on average 74% of those for tall Black Poplars computed from Koizumi et al. (2010), and 43-56% 395 

of those for Trembling Aspens and 53-57% of those for Black Cottonwoods computed from Vollsinger et al. (2005) 396 

(Figure 10a). Since Koizumi et al. (2010) obtained the A0 values by approximating the shapes of the crowns as 397 

ellipsoids, the F/A0 values for the tall Black Poplars would have been still higher if the effective A0 had been used. The 398 

lower F/A0 values were in accordance with the greater efficiency for frontal area reduction of the Black Poplar twigs 399 

compared to the Black Cottonwoods and Trembling Aspens (see Section 4.1). On the other hand, F/AP of the Black 400 

Poplar twigs equaled the values derived from Vollsinger et al. (2005) for the two other Populus species (Figure 10b). 401 

The similar F/AP, as opposed to the dissimilar F/A0, between the species reflects the fact that AP takes into account the 402 

differing capacity of the species to achieve a hydraulically efficient shape under flow. Therefore, AP as the reference 403 

area may enable estimating the drag for several related species of similar size by the same F/AP relationship. However, 404 

obtaining accurate frontal projected areas for flexible plants is difficult as the scaling of the photos is easily biased 405 

(Sagnes, 2010). Furthermore, the difficulties in estimating or determining AP/Ab or A0/Ab for floodplain reaches 406 

complicate the use of these reference areas in practical hydraulic engineering whereas the third examined reference 407 
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area, AL/Ab, can be obtained for instance with terrestrial laser scanning (Antonarakis et al., 2010). According to the 408 

various field data compiled by Jalonen et al. (2013), natural shrub and tree stands have a mean AL/Ab of 1.0-5.1, so that 409 

the AL/Ab range of the examined poplar stands was reasonably representative of the conditions found in the nature. In 410 

addition, the Manning’s n values derived for the densest poplar stand fell close to the value range typically associated 411 

with floodplains growing woody vegetation (e.g. Chow, 1959). However, relationships between drag or resistance 412 

coefficients and AL for woody vegetation have been reported in only few studies, such as Kouwen & Fathi-Moghadam 413 

(2000). In addition, f’’/(AL/Ab) values have been derived for stands of two Salix species by Järvelä (2004, 2006). As f’’ 414 

is related to F through Eq. 2, the variation in f’’/(AL/Ab) among the species reflects the between-species differences in 415 

F/AL. The f’’/(AL/Ab) values of the present Black Poplars were on average only 46% of those for Järvelä’s (2004) Goat 416 

Willows and 54% of those for Järvelä’s (2006) Sharp-stipuled Willows (Figure 10c). These differences are likely partly 417 

explained by the variation in the foliage–stem reference area ratio between the species, which is discussed in the next 418 

paragraphs. 419 

The foliage–stem reference area ratio appeared to be an important parameter for characterizing the flow resistance of 420 

foliated vegetation since it is a direct measure of the relative shares of the two plant parts, foliage and stem, that were 421 

shown to differ in drag and reconfiguration. For instance, the increasing leaf-area-to-stem-area ratio (AL/AS) was found 422 

to decrease the F/AL values of the foliated Black Poplars, presumably due to the decreasing share of the stem to drag. 423 

Therefore, predicting flow resistance with AL can generally be expected to have the highest accuracy when the share of 424 

foliage to drag is high, or when AL/AS is similar to that of the plants used for deriving the parameter values. For the 425 

present Black Poplars, the average share of foliage to drag (86%) was high enough that the friction factors of the poplar 426 

stands could be estimated accurately by AL. In addition, the large mean AL/AS at all relative submergences (Table 1) 427 

was expected to explain the fact that the drag and AP in relation to the reference areas did not differ between the partly 428 

and just submerged poplars. However, we suppose that the foliage–stem reference area ratio is important when plants at 429 

different foliation conditions are considered. For instance, the F/AL values obtained in this study for the Black Poplar 430 

twigs were on average only half of those derived by Schoneboom (2011, Figures 4.1 and 4.2) for similar-sized Black 431 

Poplar twigs collected from a nearby tree but having a 3/4 lower AL. It therefore appears that predicting drag with AL 432 

can be improved by taking into account AL/AS.  433 

In addition to the within-species differences discussed above, the foliage–stem reference area ratio seemed to be related 434 

to the between-species differences in flow resistance. Firstly, comparing the Black Poplars to ivy (Glechoma hederacea, 435 

Wilson et al., 2008) and White Willows (Salix alba, Armanini et al., 2005) revealed that the share of foliage to drag 436 

decreased with AL/AS: foliage contributed 86% of the drag for the Black Poplars (AL/AS=57), approximately 60% for 437 
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ivy (AL/AS=9) and up to 40% for the White Willows (AL/AS=4). In general, the share of foliage to drag may range from 438 

25 to 75% for 1.8-4.5 m tall alders, willows and poplars (Xavier, 2009; Dittrich et al., 2012). Secondly, Figure 10c and 439 

Table 4 show that of the three natural species for which f’’/(∑AL/Ab) values were computed, the Black Poplars having 440 

the highest AL/AS demonstrated the lowest f’’/(AL/Ab) while the Goat Willows having the lowest AL/AS demonstrated 441 

the highest f’’/(AL/Ab). Thus, the differences in f’’/(AL/Ab) between the species were assumed to be partly caused by the 442 

fact that the stem is not taken into account in Eq. 4 when AL is used as the reference area. On the whole, it seems that 443 

the foliage–stem reference area ratio, parameterized e.g. as AL/AS, is a useful property for characterizing plants of 444 

different sizes, ages, and foliation conditions. More detailed experiments are under way to determine to which extent 445 

between-species variation in drag results from differences in AL/AS as opposed to differences in the material properties 446 

of the leaves and stems among species.  447 

5. Conclusions 448 

This paper investigated four reference area properties for foliated Black Poplars (Populus nigra), providing new insight 449 

into the drag, reconfiguration and flow resistance of natural foliated vegetation. Each of the examined characteristic 450 

reference areas (AL, AP, and A0) could satisfactorily estimate the flow resistance of the poplar stands. However, AL 451 

appeared the most suitable for practical applications as it can be readily obtained for natural plant stands in field 452 

conditions. The foliage–stem reference area ratio (parameterized as AL/AS) was an important controlling factor for the 453 

drag and frontal area reduction of the poplars. Firstly, a higher AL/AS was inferred to improve the reconfiguration due to 454 

the more efficient frontal area reduction of the leaves compared to the stems. Secondly, the increasing AL/AS reduced 455 

the drag per AL due to the decreasing contribution of the stem to drag. In consequence, flow resistance estimation with 456 

AL may be improved by using AL/AS as a secondary area parameter. As the poplar stands had a high AL/AS at all 457 

relative submergences, the same parameter values could be used for estimating the vegetative friction factor (Eq. 4) and 458 

AP at low to just submerged conditions. Comparison to two Salix species suggested that the foliage–stem reference area 459 

ratio was an important factor explaining the between-species variation in flow resistance per AL. Finally, the drag per 460 

AP was found to be similar for three different Populus species ranging from 0.25 to 1.9 m in height.  461 
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List of most important symbols and abbreviations 468 

a plant spacing 469 

Ab ground area 470 

Ac characteristic reference area 471 

AL one-sided leaf area  472 

AL/AS leaf-area-to-stem-area ratio 473 

AP frontal projected area under flow 474 

AS one-sided area of the stem laid flat on the scanner 475 

A0 still-air frontal projected area 476 

A0,S still-air frontal projected area of the stem 477 

A0,F still-air frontal projected area of the foliated plant 478 

b Vogel exponent 479 

CD drag coefficient 480 

CDχ  species-specific drag coefficient  481 

DFS drag force sensor 482 

F drag force 483 

f’ fiction factor due to bed friction 484 

f’’ vegetative friction factor 485 

g acceleration due to gravity 486 

h water depth 487 

H plant height 488 

h/H relative submergence 489 

LAI leaf area index (AL/Ab) 490 

R hydraulic radius 491 

uc characteristic approach velocity 492 
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um mean velocity 493 

uχ lowest velocity used in determining χ 494 

χ vegetation parameter  495 
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 563 

Figure captions 564 

Figure 1 A typical Black Poplar specimen (a), and a poplar stand in the test section of the flume with the drag force 565 

sensors below the flume bottom (b). The frontal projected areas under flow were delineated from underwater 566 

photographs taken against the main flow direction using the 10 cm reference scale (c).  567 

Figure 2 A schematic drawing showing a natural plant attached to the drag force sensor. 568 

Figure 3 The 1.5 m long test section showing the staggered pattern of the plants and the three plant densities with the 569 

spacing of 0.40 m (40S), 0.30 m (30S) and 0.20 m (20S). The plants attached to the drag force sensors are highlighted in 570 

orange.  571 

Figure 4 Measured drag force as a function of mean velocity for the individual Black Poplar specimens in the five 572 

stands (see Table 2 for stand descriptions).  573 

Figure 5 Drag forces of the three single poplars in the foliated and defoliated conditions, and the mean share of foliage 574 

to the drag.  575 

Figure 6 Frontal projected area under flow AP (a), AP per leaf area (b), and AP per still-air frontal projected area (c) for 576 

the three relative submergences. Error bars are ± 1 standard error. No significant differences were found in AP/AL 577 

between the relative submergences; differences in AP/A0 were not tested. 578 

Figure 7 Drag force per leaf area (a), per frontal projected area under flow (b), and per still-air frontal projected area (c). 579 

Error bars are ± 1 standard error. Significant differences (p<0.05) in F/AL between the partly submerged specimens 580 

(h/H=0.3 and h/H=0.7) are marked with a and b; no further significant differences were found.  581 

Figure 8 Linear regressions between drag per leaf area (F/AL) and leaf-area-to-stem-area-ratio (AL/AS) at the different 582 

velocities for the just submerged (a) and partly submerged plants (b). R
2 
values are shown for the significant regressions 583 

(p<0.05).   584 

Figure 9 Experimentally obtained friction factors f’’ of four plant stands normalized with AL/Ab (a), AP/Ab (b) and 585 

A0/Ab (c). The figures also show the power fit from which the parameter values of Eq. 4 were derived (the parameter 586 

values and goodness-of-fit statistics are shown in Table 3). 587 
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Figure 10 Drag per still-air frontal projected area (a), drag per frontal projected area under flow (b), and vegetative 588 

friction factor normalized with AL/Ab (c) for the Black Poplar twigs and other deciduous species. The f’’/( AL/Ab) 589 

curves were drawn using the derived parameter values of Eq. 3 shown in Table 4.  590 

Table captions 591 

Table 1 Average properties of the Black Poplars in each stand (standard deviation in parentheses). The differences in 592 

the properties were tested firstly between the two partly submerged stands (for which h/H<1.0, group 1), and secondly 593 

between the three just submerged stands (h/H=1.0, group 2) (see Section 2.2 for details).  594 

Table 2 Experimental conditions for the single poplars and poplar stands. 595 

Table 3 Calibrated parameters, boundary conditions, and goodness-of-fit statistics for estimating f’’ of the Black Poplar 596 

stands with Eq. 4. The first row shows the values obtained using all data and AL as the reference area. The three lowest 597 

rows report the results of the comparison of the reference areas AL, Ap, and A0. 598 

Table 4 Parameter values and boundary conditions of Eq. 3 derived for the Black Poplars and other foliated deciduous 599 

species in plant stands using AL/Ab as the reference area (AL/Ab is usually referred to as leaf area index LAI).  600 
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Stand Group for 

statistical 

tests  

No of  

specimens * 

Leaf area AL 

(cm2) 

Stem area 

AS (cm2) 

Still-air frontal projected 

area A0 (cm2) 

AL/AS (-) A0/AL (-) 

Single 

h/H=0.3_30S 

h/H=0.7_30S 

h/H=1.0_20S 

h/H=1.0_30S 

h/H=1.0_40S 

Partly submerged (h/H<1.0) 

Just submerged (h/H=1.0) 

- 

group 1 

group 1 

group 2 

group 2 

group 2 

- 

- 

3 

7 

7 

8 

6 

3 

14 

17 

1190 (120) 

400 (130) 

1030 (130) 

1300 (230) A 

1730 (290) B 

1520 (81) AB 

- 

1490 (300) 

21 (3.1) 

10 (1.1) 

18 (2.6) 

22 (3.6) 

27 (5.3) 

21 (1.5) 

- 

24 (4.5) 

18 (0.29) / 370 (38) ** 

130 (59) 

280 (57) 

- 

440 (6.9) 

530 (57) 

- 

490 (59) 

57 (13) 

41 (14) a 

58 (8.9) b 

58 (6.2) A 

65 (5.3) AB 

72 (2.6) B 

49 (14) 

63 (7.4) 

0.31 (0.05) 

0.32 (0.04) 

0.27 (0.07) 

- 

0.28 (0.04) 

0.35 (0.02) 

0.30 (0.06) 

0.31 (0.05) 

Note: The properties that significantly differ (p<0.05) between the two stands in group 1 are denoted by the letters a and b, while those differing between the three 

stands in group 2 are denoted by A and B. Only differences in ratios (AL/AS and A0/AL) were tested between the partly submerged stands (group 1), while 

differences in all properties were tested between the just submerged stands (group 2). 

* No of specimens was three per stand for the variables incorporating A0 or AP. 

** For the single plants, the first figure is A0 of the stem (i.e. A0,S), while the second figure is A0 of the foliated plant (A0,F).  
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Stand h/H (-) Spacing a (m) Plant density 

(1/m2) 

AL/Ab (-) No of instrumented 

plants  

Slope (%) h (cm) um (m/s) 

Single 

h/H=0.3_30S 

h/H=0.7_30S 

h/H=1.0_20S 

h/H=1.0_30S 

h/H=1.0_40S 

1.0 

0.3 

0.7 

1.0 

1.0 

1.0 

- 

0.30 

0.30 

0.20 

0.30 

0.40 

- 

11.1 

11.1 

25.0 

11.1 

6.25 

- 

0.44 

1.15 

3.25 

1.92 

0.95 

1 at a time, 3 in total 

7 

7 

8 

6 

3 

0.003–0.20 

0.07–0.53 

0.07–0.56 

0.24–1.90 

0.04–0.24 

0.07–0.71 

18.2–29.9 

7.5–8.7 

15.2–16.7 

19.9–25.9 

23.9–25.2 

18.4–25.0 

0.10–0.87 

0.05–0.37 

0.05–0.35 

0.09–0.56 

0.03–0.18 

0.10–0.61 

 

Table2
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Definition of characteristic 

reference area (AC) 

No of sampled 

plants per stand 

Range of reference area per 

ground area (AC/Ab) 

h/H CDχ uχ χ R2 RMSE 
Mean error 

(%) 

AL, all data 

AL 

AP 

A0 

3-8 

3 

3 

3 

0.44-3.25 

0.44-1.80 

0.05-0.34 

0.15-0.49 

0.3-1.0 

0.3-1.0 

0.3-1.0 

0.3-1.0 

0.33 

0.30 

1.43 

1.05 

0.10 

0.10 

0.10 

0.10 

-1.03 

-1.02 

-0.59 

-1.11 

0.96 

0.98 

0.93 

0.93 

0.118 

0.041 

0.089 

0.103 

10.5 

6.4 

6.4 

13.1 
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Species Cdχ uχ χ AL/Ab range 

(-) 

h/H (-) AL/AS 

(-) 

Reference 

Black Poplar (Populus nigra) 

Goat Willow (Salix caprea) 

Sharp-stipuled Willow (Salix triandra x viminalis) 

Artificial poplar in a staggered pattern 

0.33 

0.43 

0.53 

0.50 

0.10 

0.10 

0.10 

0.11 

-1.03 

-0.57 

-0.90 

-0.74 

0.4-3.2 

1.3-3.2 

0.7-1.9 

0.4-1.7 

0.3-1.0 

0.4-1.0 

1.0 

1.0 

57 

~20 

~30 

~50 

Present study 

Järvelä (2002, 2004) 

Järvelä (2006) 

Dittrich et al. (2012) 

 

Table4
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Highlights:  

New insights into the flow resistance of foliated vegetation were obtained 

We measured drag and alternative reference areas for natural poplars in a flume 

Partly and just submerged plants had similar drag and frontal area per reference area 

Drag and reconfiguration were controlled by the foliage–stem reference area ratio 

The alternative reference areas satisfactorily predicted the drag and flow resistance   

 


