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Abstract 3 

The purpose of this study was to quantify how vegetation influences the flow and sediment processes 4 

relevant for the design and management of environmental compound channels. Therefore, we conducted a 5 

two-year field investigation in a cohesive two-stage channel, focusing on the flow resistance and net 6 

deposition in five sub-reaches with different floodplain vegetation conditions. In the grassy sub-reaches, the 7 

cross-sectional blockage factor was the key vegetation property governing the flow resistance, with a 8 

process-based model providing reliable estimates under widely variable hydraulic and vegetative conditions. 9 

The net deposition of cohesive sediment was best explained by the vegetation height while high stand length 10 

and density created supply-limited conditions on the inner floodplain. Our results showed that the two-stage 11 

approach offers potential for controlling the sediment processes through appropriate vegetation maintenance. 12 

The novelty of this research was that straightforward analyses accompanied with a physically-based 13 

parameterization of the floodplain plant stands were successfully used to characterize the flow–vegetation–14 

sediment interaction in a practical engineering application. The results are expected to be helpful in 15 

designing and managing comparable channels.  16 

Subject headings: Flow resistance; Cohesive soils; Suspended sediment; Vegetation; Drainage; Hydraulic 17 

models 18 

Introduction 19 

There is a growing interest towards environmentally sound hydraulic engineering, which attempts to 20 

combine technical requirements and ecological aspects in the management of rivers, brooks, and drainage 21 

channels (e.g., Hey 2009). One of the environmentally preferable alternatives is a two-stage channel, which 22 

refers to a compound cross-section with an excavated floodplain on one or both sides of the main channel 23 

(e.g., Powell et al. 2007; USDA 2007). The floodplain is typically designed to be annually inundated for 24 

several weeks to months. The two-stage approach has been adopted e.g. in agricultural drainage (Powell et 25 

al. 2007; Västilä and Järvelä 2011) and flood management (Geerling et al. 2008; Sellin et al. 1990) in an 26 

attempt to provide both ecological benefits and improved conveyance of high flows. Another focus is often 27 

on the management of in-channel transport processes of fine suspended sediment (SS). High loads of SS can 28 

lead to excessive sedimentation, which decreases the conveyance and alters the morphology and habitats 29 
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(e.g., Owens et al. 2005). In addition, the cohesive fraction (<60 μm) conveys sorbed harmful substances 30 

(e.g., nutrients, heavy metals, and pesticides) and increases turbidity, affecting benthic and aquatic biota and 31 

water quality (e.g., Bilotta and Brazier 2008). Two-stage channels can be aimed at bringing the sediment 32 

processes to a state of dynamic equilibrium or at improving the downstream water quality by sediment 33 

deposition on the floodplain. Compared to over-wide trapezoidal designs, the compound cross-section is 34 

expected to decrease siltation in the main channel by keeping the low flow velocities high enough, which can 35 

decrease the need for channel maintenance (Powell et al. 2007; USDA 2007).  36 

Compound channels are hydraulically complex because of the interaction between the main channel and the 37 

vegetated floodplain. Thus, their design and management require reliable estimation of how the natural 38 

vegetation affects the flow and sediment transport, which is particularly difficult for small channels where 39 

individual roughness elements have a larger impact on the total resistance compared to wider and deeper 40 

channels. Field studies in two-stage reaches often provide only a cursory description of the vegetation 41 

properties (e.g., Helmiö and Järvelä 2004; Myers and Lyness 1994; Sellin et al. 1990). In simple cross-42 

sections with submerged vegetation covering the entire bed, the flow resistance depends primarily on the 43 

relative submergence of the plants (Kouwen and Unny 1973; Wu et al. 1999). For patchy aquatic vegetation, 44 

empirical equations have been introduced for estimating the flow resistance with bulk vegetative properties, 45 

such as the spatially-averaged cross-sectional blockage factor (e.g., Green 2006; Nikora et al. 2008) or the 46 

dry mass (e.g., De Doncker et al. 2009). In 1D considerations for compound channels, the total resistance can 47 

be obtained by various equations based on partitioning the cross-section (e.g., Yen 2002). However, the 48 

resistance coefficient of the floodplain vegetation is typically calibrated, estimated from reference 49 

photographs, or known a-priori (e.g., Yang et al. 2014).  50 

Physically-based parameterizations commonly consider the plants as uniformly-spaced rigid cylinders 51 

having a specified drag coefficient CD, frontal area per unit volume a, and stem diameter (e.g., DVWK 1991; 52 

Huai et al. 2009; Kang and Choi 2006; Knight et al. 2010). According to Luhar and Nepf (2013), little of the 53 

understanding on the flow-vegetation interaction at the patch scale has been applied to the reach scale, 54 

suggesting that approaches aimed at practical use need to be straightforward but still use measurable, 55 

physically-based vegetative properties. Physically-based formulations that incorporate the reconfiguration 56 

properties and the complex structure typical for flexible plant stands have been recently presented for both 57 

blade-like aquatic (Luhar and Nepf 2013) and woody vegetation (e.g., Västilä and Järvelä 2014; Jalonen and 58 

Järvelä 2014). Overall, the validity of the results obtained with aquatic or simulated plants, and simple 59 

channel geometries, needs to be separately assessed for natural floodplain vegetation of compound settings 60 

(see e.g., Aberle and Järvelä 2013).  61 

The flow–vegetation interaction has an impact on the transport processes, and it controls the mechanisms of 62 

SS supply to the vegetated floodplain. When longitudinal advection is the main supply mechanism, 63 

deposition reduces the SS concentration in the downstream direction as the distance from the SS 64 
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replenishment point increases (e.g., Zong and Nepf 2011). SS can also be supplied to plant stands via vertical 65 

diffusion from the overflow (e.g., Luhar et al. 2008), lateral turbulent diffusion (e.g., Sharpe and James 66 

2006), and lateral advection (e.g., Asselman and Wijngaarden 2002). Luhar et al. (2008) described the 67 

transport processes within plant stands in relation to the vegetation-generated modifications in the turbulent 68 

flow structure, and characterized the behavior of the stands by the parameter CDaH where H is the vegetation 69 

height. Although deposition on floodplains has been measured (e.g., Kronvang et al. 2009; Walling 1999) 70 

and simulated (e.g., Asselman and van Wijngaarden 2002; Walling and He 1997), only few studies have 71 

related deposition to measurable vegetation properties (e.g., Corenblit et al. 2009; Thornton et al. 1997). The 72 

focus is often on sand-sized sediment while less attention is paid to flocs of cohesive clay and silt that can 73 

readily settle on floodplains (e.g., Thonon et al. 2005).  74 

This paper investigates the flow–vegetation–sediment interaction in a cohesive two-stage channel, with the 75 

aim of demonstrating how measurable properties of floodplain vegetation can be used to quantify flow 76 

resistance, erosion, and deposition in practical applications. For this, we established a field site with 77 

floodplain vegetation types ranging from bare soil to grasses and willows.  First, we investigate the 78 

dependence of the flow resistance on the vegetation properties and evaluate the suitability of a simple, 79 

process-based hydraulic model in the two-stage geometry. Second, we examine how the flow–vegetation 80 

interaction explained the net deposition and erosion in different parts of the cross-section. Third, we discuss 81 

the practical implications of the findings at the reach scale, focusing on the cohesive sediment. Overall, this 82 

study seeks to build on the recent theoretical advances to analyze the field data, with the intention of 83 

providing help for the design and management of environmental compound channels.  84 

Site and methodology 85 

The experimental two-stage channel 86 

The Ritobäcken Brook in Sipoo, Southern Finland, was channelized in the past to improve the drainage of 87 

the surrounding agricultural fields. As an environmentally preferable alternative for enhancing the 88 

conveyance of the channel during high flows, a two-stage profile was constructed in February 2010 by 89 

excavating an 850 m long floodplain at the level of the estimated mean discharge (described in detail by 90 

Västilä and Järvelä 2011). Figs. 1a–b show a representative cross-section comprised of the bank, inner 91 

floodplain, 1.2 m wide floodplain–main channel interface, main channel, and the unexcavated bank 92 

(hereafter the term floodplain comprises both the inner floodplain and the interface). The mean discharge 93 

determined from the site-specific rating curve is 0.12 m
3
/s, and the longitudinal bed slope is 0.001–0.002. 94 

Agricultural fields comprise 13% of the 10 km
2
 catchment area while the remainder is mainly forests and 95 

mires. Agricultural fields have mostly clayey soils and form the primary erosion source areas within the 96 

catchment (Västilä and Järvelä 2011).  97 
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Figure 1. (a) A representative two-stage cross-section with the surveyed geometry in 2010 and 2012; 98 

(b) the test reach at a low floodplain water depth; (c) the field site with the monitoring infrastructure.99 

To investigate how the channel’s flow resistance and annual net deposition and erosion depended on selected 100 

vegetation properties, we established five 20 m long sub-reaches with differing floodplain vegetation type 101 

(Fig. 1c). The sub-reaches labeled as Grasses-D and -U were sown with pasture grasses (mainly Lolium 102 

perenne), Grasses-N grew naturally established grasses, and Bare-M was intended to have bare soil. 103 

Willows-M was planted with cuttings of Common Osier (Salix viminalis) at 0.5 m x 0.5 m spacing, and the 104 

willows were approximately 1 m tall after two years. Willows-M and Bare-M also had some low (H≈0.05 m) 105 

stubble of grass although the grassy floodplain and bank vegetation of these two reaches was cut in late 106 

summer before the period of overbank flows. The sub-reaches were situated close to each other (Fig. 1c),. 107 

and had approximately similar geometry: the floodplain width and depth were 3.8–4.6 m and 0.6–0.7 m, 108 

respectively, while the bankful wetted area of the main channel was 0.8–1.2 m
2
. Hereafter, bankful and 109 

overbank refer to the conditions when water level is just below the floodplain level and above the floodplain 110 

level, respectively (Fig. 1a). At events with approximately bankful flow, the water level in relation to the 111 

floodplain level varied less than 10 cm between the sub-reaches. All sub-reaches had approximately similar 112 

vegetation on the unexcavated bank. The areas outside the sub-reaches were allowed to establish a natural 113 

grassy vegetation cover. This paper focuses on the two-year period starting from the first summer after the 114 

construction in 2010. 115 

Monitoring 116 

This section reports the monitoring conducted at the whole 190 m long vegetated test reach and the five sub-117 

reaches. Continuous monitoring stations were established at the upstream and downstream end of the test 118 

reach for recording water levels and turbidity at 5-minute time steps (Fig. 1c, see details below). In addition, 119 

the water levels at the upstream and downstream end of each sub-reach were obtained from manual gauge 120 

readings during field visits in autumn and spring high flow seasons. The cross-sectional geometry, suspended 121 

sediment transport, and the properties of the sediment and vegetation were determined as detailed below.  122 

Cross-sectional surveys 123 

High-resolution surveys were conducted annually in two cross-sections located in the middle of each sub-124 

reach at a 4 m spacing (Fig. 1c) for determining the net erosion and deposition. We used a custom-built 125 

framework that was spanned over the cross-section and attached to steel poles hammered to the ground at 126 

both ends. The vertical distance from the framework to the ground surface was measured at 0.2–0.4 m 127 

horizontal intervals by a point gauge, ensuring that the vegetation did not disturb the measurement. The 128 

surveys were conducted in late summer when soil was the driest in order to minimize the impact of soil 129 

swelling on the ground elevation. Repeated validation measurements showed that the mean error in the 130 

reference level of a single cross-sectional measurement was approximately ± 6 mm. The measurement 131 
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system did not allow a reliable estimate of the erosion or deposition on the fluffy, submerged bed of the main 132 

channel. The cross-sectional poles and other monitoring infrastructure were geo-referenced annually as part 133 

of terrestrial laser scanning campaigns (Jalonen et al. 2014). In the deposition analyses, we used the mean 134 

annual values of net deposition and explanatory variables based on the two-year data.  135 

Determination of suspended sediment transport 136 

The suspended sediment transport was determined from the continuous water level and turbidity data that 137 

were obtained with pressure transducers and turbidity sensors, respectively, installed in the main channel 138 

(Fig. 1c). The detailed procedure of the continuous monitoring, and the data from the downstream station 139 

preceding and following the construction were reported by Västilä and Järvelä (2011). The turbidity sensors 140 

of the two stations (Analite NEP9530 by McVan Instruments) were identical and calibrated in the laboratory. 141 

The cross-sectional representativeness of the turbidity measurements was optimized by positioning the 142 

sensors at locations where the flow was most efficiently laterally mixed: the upstream station was located 143 

after the sub-reach with the bare floodplain while the downstream station was located in a culvert (Fig. 1c). 144 

The sensors were kept at approximately mid-depth by manually changing their vertical position according to 145 

the water level.  146 

Water samples were collected in different seasons at turbidity T =20–700 NTU, and suspended sediment 147 

concentration (SSC, g/m
3
) was analyzed according to the standard EN 872:2005 using GF-52 glass 148 

microfibre filters (nominal pore size 1.2 μm) and Nuclepore track-etched polycarbonate membranes (0.4 149 

μm). Separate rating curves were fitted for the 1.2 μm filters (SSC = 0.53T – 3; squared correlation 150 

coefficient r
2
=0.92, probability p<0.001) and 0.4 μm filters (SSC = 0.59 T + 14; r

2
=0.92, p<0.001). The high 151 

correlations indicated that the sensor turbidity provided a reliable estimate of the temporally varying SSC. 152 

Annual SS loads were computed by multiplying SSC by the respective discharge (Q) obtained from a rating 153 

curve determined at the downstream station (see details in Västilä and Järvelä 2011). For this, we used the 154 

turbidity values at the downstream station in the first year and the upstream station in the second year in 155 

order to exclude unreliable readings which were easily identifiable in the data. Because the reach between 156 

the stations received runoff from an area comprising 2% of the total catchment and having a similar land use 157 

as the catchment of the upstream station, equal turbidity values at the stations were assumed to signify that 158 

no net erosion or deposition occurred in the test reach. Thus, comparing the turbidity values allowed 159 

determining the timing of net deposition and erosion events because the entrained sediment was expected to 160 

be transported predominantly in the suspended form. 161 

Sediment properties 162 

The dispersed particle size distribution of the floodplain, bed, and suspended sediment was determined with 163 

a laser-based analyzer from samples collected shortly after the end of the monitoring period. The bed 164 

sediment of the main channel was sampled with sediment tubes (40 mm in diameter) in each sub-reach. 165 
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Composite samples of the top 1 cm layer of the floodplain sediment were taken from the inner floodplain in 166 

three sub-reaches, and the samples were ground after incinerating at 550 degrees to remove the organic 167 

matter. For the analyses of the bed and floodplain sediment, 1 ml of the sample was mixed with 100 ml of 168 

reverse osmosis water. The suspended sediment was analyzed from eight water samples collected at T=120–169 

520 NTU and mixed gently just prior to the analysis. As a pre-treatment, all samples were dispersed by 170 

exposing them to ultrasound for 5 minutes. Suspended sediment was also analyzed in the flocculated form 171 

without the pre-treatment. Dispersed suspended sediment contained on average 40% of clay (<2 μm) and 172 

60% of silt (2–60 μm). The uppermost 5 cm of the bed sediment contained 11–14% of clay, and 83–97% was 173 

comprised of particles finer than 57 μm. The dry bulk density of the floodplain sediment (735 kg/m
3
) was 174 

determined to compute the deposition mass balance from the cross-sectional and continuous data. The 175 

organic content was approximately 10% for the floodplain and bed sediment, and 15–43% for the suspended 176 

sediment.  177 

Determination of vegetation properties 178 

Vegetation on the bank, inner floodplain, and interface (Fig. 1a) was sampled annually in late summer when 179 

vegetation was the most abundant. Because of the spatial heterogeneity, 3–9 samples were collected from 180 

each sub-reach. For the banks having large areas of bare soil, the data were spatially averaged to take into 181 

account the vegetation coverage. Grassy vegetation was collected in quadrates of 156 cm
2
, photographed in 182 

the laboratory, and analyzed for the dry mass mD. CDaH was used as a measure of density by employing the 183 

commonly assumed value of CD=1.0 for natural vegetation of similar morphology (e.g., Luhar et al. 2008; 184 

Luhar and Nepf 2013). For the vertically heterogeneous grasses, H was defined as the value at which the 185 

higher-lying vegetation could be considered as sparse, i.e. having CDaH=0.1 (Luhar et al. 2008). The total 186 

frontal area index aH was determined from nine samples using image analysis techniques, but it was less 187 

objective to measure than e.g. dry mass. Thus, the a values were obtained from a fitted linear regression 188 

equation without intercept: 189 

6.3 DaH m (1) 190 

where mD has the units m
2
/kg (r

2
=0.86). The vegetation samples were considered to be representative of the191 

entire autumn high flow season because the properties of the grasses remained fairly constant between 192 

August and November (see also Jalonen et al. 2014).The grasses that had H≤5 cm in the preceding autumn 193 

were assumed to have the same height in the following spring because no bending of such low vegetation 194 

was observed. For grasses having H>8 cm, the heights in spring 2011 were assumed to be half of those in the 195 

preceding autumn because of bending, while the heights in spring 2012 were determined with terrestrial laser 196 

scanning (Jalonen et al. 2014). No sub-reach had 5 < H ≤ 8 cm in autumn. 197 

The properties of the willows were analyzed in both years from the same five specimens considered 198 

representative of the height distribution of the stand. The lengths and diameters of the main stem and twigs 199 
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were measured in four vertical quartiles to obtain the frontal projected stem area per ground area (AS/AB) and 200 

the stem volume. H was estimated as the mean height of the specimens, and was assumed to be constant 201 

from the late summer to the following spring. The leaves were collected and scanned to obtain the leaf area 202 

index (AL/AB, where AL is the total one-sided leaf area and AB is the corresponding ground area). mD was 203 

derived by summing the foliage dry mass and the stem dry mass estimated from the stem volume and the 204 

bulk density of stem samples. The effect of autumnal leaf shedding on mD was neglected because the foliage 205 

comprised <12% of the mass. For the willows, CDaH was computed as CDχ,FAL/AB + CDχ,SAS/AB, where 206 

CDχ,F=0.25 and CDχ,S=1.18 correspond to the drag coefficients of the foliage and stem, respectively, at the 207 

flow velocity of 0.1 m/s, as derived for the same species from flume measurements (Västilä and Järvelä 208 

2014). In autumn 2011, we also analyzed the wet mass and the vertical structure of the vegetation (such as 209 

CDa in 10-cm layers and the total CDa at different water depths) in all sub-reaches, and fitted regression 210 

equations for interpolating the vegetation properties at intermediate water depths.  211 

In the hydraulic analyses, we used the mean vegetation properties of each sub-reach obtained by spatially 212 

averaging the results of the bank, inner floodplain, and interface (see Fig. 2 for the ranges of the examined 213 

properties). The cross-sectional vegetative blockage factor BX (cf., Green 2006; Nikora et al. 2008) was 214 

computed from the surveyed two-stage geometry and the estimated vegetation height at different water 215 

levels. In addition, we determined the spatially-averaged vegetation properties of the 190 m long vegetated 216 

test reach by assuming that Grasses-N was representative of the areas outside the sub-reaches. For the 217 

analysis of mean annual deposition, we computed the maximum inundated vegetation height, dry mass, and 218 

CDaH as a mean of the two-year data, assuming that the floodplain water depth of h=0.5 m was 219 

representative of the maximum water levels. In linear regression analyses, the strength of the regressions was 220 

assessed in terms of the correlation coefficient r (p<0.05 was considered as statistically significant).  221 

222 

Figure 2. Conceptualization of factors controlling the total flow resistance at overbank flows (ntot), and 223 

the present study conditions. The two main components of ntot are nveg that includes the resistance 224 

factors related to the floodplain vegetation, and nbase that lumps the remaining factors. In the present 225 

case, nveg contributed on average 89% of ntot, and thus our analyses focus on the relationship between 226 

vegetative properties and ntot. 227 

Modeling concepts 228 

This section presents the models used to describe the effect of the floodplain vegetation on the flow 229 

resistance and suspended sediment transport. The flow resistance coefficient (Manning’s n) was computed 230 

for the sub-reaches and the entire test reach as   231 

2/3 1/21

m

n KR S
u

 (2) 232 
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233 

where R is the hydraulic radius (wetted area A divided by the wetted perimeter P), and K=1 m
1/3

/s is a 234 

constant. The cross-sectional mean velocity um was calculated as Q/A with Q obtained from the rating curve 235 

at the downstream station. The energy slope S was determined for the sub-reaches from the manual water 236 

level data, and for the entire test reach from the continuous data that was averaged for each autumn (Sep–237 

Dec) and spring (Mar–May). The Manning coefficient of the main channel (nmc) was obtained for the sub-238 

reaches as the average of up to three values determined at water levels of 0–0.25 m below the floodplain 239 

level. At overbank flows, the various factors contributing to the total resistance (ntot) are lumped into two 240 

resistance coefficients: nveg generated by the floodplain vegetation, and nbase for the remaining factors (Fig. 241 

2). nbase was obtained from overbank flow data of the entire test reach in spring 2010 when the floodplain was 242 

still completely bare. The shares of the total resistance generated by nveg and nbase (see Fig. 2) were 243 

determined by assuming linear superposition of the corresponding stresses according to e.g. Yen (2002). Our 244 

analyses showed that the floodplain vegetation strongly dominated the total resistance, and thus we focused 245 

on the estimation of ntot. The main source of error for n was the measured water surface slope, and the mean 246 

errors in head loss were estimated to be ±10 mm and ±4 mm for the test reach and the sub-reaches, 247 

respectively. With the mean head losses of 189 mm and 14.2 mm, the mean errors in n were estimated to be 248 

3% and 14% for the test reach and the sub-reaches, respectively.   249 

The data of the autumn 2011 allowed us to compute the dimensionless mean flow velocities within the 250 

vegetation (u
*

v) and in the unvegetated segment of the cross-section (u
*

0) with the model of Luhar and Nepf251 

(2013): 252 

1/2

* 0
0 1/2

2 (1 )

( )

X

f b v v

u P B
u

gSH C L C L

 
     

(3) 253 

254 
1/2

* 2
* 0

1/2

2 ( )

( )

v X v v
v

D X

u PB C L u
u

gSH C aPhB

 
   

 
(4) 255 

256 

where g is the gravitational acceleration, and Cf and Cv are the drag coefficients describing the bed stress and 257 

the shear stress at the interface between the vegetated floodplain and the main channel, respectively. Lb and 258 

Lv are the total lengths of the interfaces between the bed and the unvegetated flow, and between the 259 

vegetation and open water, respectively. The computed velocities u
*

v and u
*

0 were not validated as only the 260 

cross-sectional mean velocity was available from the field data. The shares of the discharge within the 261 

vegetation and in the unvegetated segment were obtained as u
*

vBX and u
*

0(1-BX), respectively. Luhar and 262 

Nepf (2013) found similar ranges for Cf (0.015 ≤ Cf  ≤ 0.19) and Cv (0.005 ≤ Cv ≤ 0.21) from literature data. 263 

Thus, they assumed that for practical applications Cf=Cv=C*, where C* is a drag coefficient that lumps the 264 

bed and interfacial shear. In the present case, C* incorporates not only the main channel’s bed shear, but also 265 

its distinct roughness elements, such as aquatic vegetation patches. C* of the test reach could be calibrated 266 
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from a simplified momentum balance (Eq. (5) below; Luhar and Nepf 2013) because Lb+ Lv≈P in the two-267 

stage geometry. The C* value was derived at the lowest BX separately for autumn (C*=0.079, BX=0.24) and 268 

spring (C*=0.034, BX=0.13) conditions by using the experimentally obtained ntot and the spatially-averaged 269 

values of R and BX. Further, we investigate the applicability of Eq. (5) to the vegetated two-stage channel by 270 

evaluating how reliably greater ntot values at larger blockages (BX up to 0.53) can be extrapolated from the 271 

known BX  and calibrated C*. The performance of the model was assessed using the root mean square error 272 

and the Nash-Sutcliffe efficiency (Reff = 1 - (ntot,mes,i– ntot,pred,i)
2
 / (ntot,mes,i– ntot ,mes,mean)

2
 where ntot,mes,i,273 

ntot,pred,i, and ntot ,mes,mean refer to the ith measurement, the ith prediction, and the average of the measurements, 274 

respectively). 275 

 
1/21/2

3/2

1/6

*
1

2
tot X

g C
n B

R

   
    
  

(5) 276 

Eq. (5) neglects the flow within the vegetation, which Luhar and Nepf (2013) justified for dense aquatic 277 

vegetation (a≈100 m
-1

) up to BX≈0.7, when u
*
v is an order of magnitude lower than u

*
0. It follows that the278 

general prerequisite for the validity of Eq. (5) is that u
*
0(1-BX)>~0.8. The test reach fulfilled this prerequisite279 

when using spatially-averaged variables (see Results and Discussion). The suspended sediment transport on 280 

the floodplain was examined by determining the distances over which flocs from the SS replenishment point 281 

(defined as the location where the SS stock of the floodplain is replenished through lateral advection from 282 

the main channel) are advected within vegetation before being deposited. The advection length scales were 283 

computed for flocs of the measured size distribution as (Zong and Nepf 2011)  284 

/a v sx u h w  (6) 285 

where ws is the particle settling velocity (m s
-1

). The settling velocities were estimated from the relationship286 

derived for cohesive suspended flocs of approximately similar size distribution as the present SS by Thonon 287 

et al. (2005): ws=2.7×10
-7

D
1.57

, where D is the floc diameter in μm.288 

Results and discussion 289 

Flow–vegetation interaction: vegetative properties for hydraulic modeling 290 

In this section, we examine firstly the effect of the relative submergence on the flow resistance, and the 291 

dependence of the flow–vegetation interaction on the different vegetation properties (BX, mD, mW, and CDa). 292 

Subsequently, we investigate the flow resistance modeling in the two-stage context. Fig. 3a shows the 293 

average floodplain water depth of the five sub-reaches as a function of the discharge, illustrating the effect of 294 

the seasonally varying vegetative conditions (Fig. 3b). Fig. 3c plots the experimentally obtained Manning’s n 295 

in the sub-reaches. The resistance coefficient of the small main channel (nmc) varied between the sub-reaches 296 

and reached values above 0.1, because some sub-reaches had irregular geometry, fluffy bottom sediment, 297 
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woody debris, and some aquatic vegetation. In addition, notable seasonal variation occurred in nmc. At 298 

overbank flows (h>0 m), ntot was clearly higher in autumn when the grasses were fresh and the willows 299 

foliated as opposed to the following spring when the grasses were wilted and the willows leafless. The 300 

resistance coefficient of the unvegetated channel (nbase, see Fig. 2) was 0.027–0.037 at the mean relative flow 301 

depth (floodplain depth divided by total depth) of 0.25-0.53, i.e., at conditions ranging from low to almost 302 

full submergence of the floodplain. Floodplain vegetation generated on average 89% of the total resistance 303 

(see Fig. 2) as derived with the mean values of ntot=0.088 from Fig. 3c and nbase=0.029. The share of the 304 

vegetative resistance was 66% at low ntot=0.05 and 80% at ntot=0.065. Under such conditions where the 305 

floodplain vegetation so strongly dominates the total resistance, ntot may be used instead of  methods based 306 

on partitioning the cross-section. 307 

308 

Figure 3. (a) Mean floodplain water depth of the sub-reaches as a function of discharge; (b) spatially-309 

averaged vegetative blockage factor in different seasons, (c) Manning’s n of the sub-reaches at 310 

overbank conditions (ntot) and at bankful conditions of the main channel (nmc); (d) ntot as a function of 311 

the relative submergence (the dashed line marks h/H=1). 312 

Effect of the relative submergence on the flow resistance 313 

The resistance coefficient ntot increased with increasing relative submergence up to h/H=1.0 (r=0.39, 314 

p=0.045) and decreased at 1 ≤ h/H ≤ 3 (r=0.67, p=0.025; Fig. 3d). The decrease was less pronounced than 315 

that obtained experimentally by Wu et al. (1999) or theoretically by Luhar and Nepf (2013) for idealized 316 

vegetation in a simple channel geometry. The difference against the earlier results was attributed to the fact 317 

that the present two-stage channel with the vegetation having a non-homogeneous height distribution 318 

differed from the simulated homogeneous vegetation. First, there was some floodplain vegetation 319 

contributing to the flow resistance also at h/H>1.0 because of the selected definition of the vegetation height. 320 

Second, the increasing water level resulted in more vegetation becoming inundated on the unexcavated bank, 321 

which was not considered in the estimate of H. Third, H exhibited spatial variation within the sub-reaches 322 

(see also Jalonen et al. 2014), and it is not fully solved how the representative vegetation height should be 323 

determined under spatially variable conditions (cf., Green 2006). For 2 ≤ h/H ≤ 10, there was no correlation 324 

between ntot and h/H (r=0.03, p=0.95; Fig. 3d), revealing that other factors controlled the flow resistance at 325 

higher relative submergences. Wilson and Horritt (2002) compiled data for more homogeneous artificial and 326 

natural grasses than in the current sub-reaches, and showed that the dependence of ntot on the relative 327 

submergence disappears at h/H >3…5. The overall scatter in the ntot – h/H plot (Fig. 3d) was mainly 328 

attributed to the fact that different vegetation heights resulted in the same h/H but ntot increased with the 329 

increasing height for H>0.05 m (r=0.77, p<0.001) . 330 
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Dependence of the flow–vegetation interaction on BX, mD, mW, and CDa 331 

Figs. 4a–c illustrate ntot as a function of the inundated wet mass mW and dry mass mD, and the cross-sectional 332 

blockage factor BX. Excluding the lowest blockages, ntot showed a strong overall increase with BX (r=0.78, 333 

p<0.001 for BX>0.2). Exponential regressions for the different sub-reaches indicated that the grassy sub-334 

reaches behaved similarly whereas the increase in ntot with BX was notably lower for the leafless and foliated 335 

willows. For the grasses, no notable differences in the ntot – BX relationship were observed between the 336 

seasons or between the emergent (h/H<1.0) and submerged (h/H>1.0) conditions. The overall dependence of 337 

ntot on mD and mW was weaker than for BX even though the values represented a single season, which was 338 

related to the variation in CDa between the sub-reaches (Fig. 5). With aH being linearly dependent on the dry 339 

mass (Eq. 1), the CDa values indicated that a certain inundated mass corresponded to different height and 340 

blockage factor in Grasses-N and -D, explaining the variation in the regressions between these two sub-341 

reaches (Figs. 4a–b). For Willows-M, CDa in the layers above the grassy stubble (h>0.05 m) was an order of 342 

magnitude lower than for the grassy sub-reaches (Fig. 5).  343 

The differences in CDa between the sub-reaches caused the computed velocities within the vegetation (u*v in 344 

Eq. (4)) to be of the same order of magnitude than those of the unvegetated segment (u*0 in Eq. (3)) for the 345 

willows, whereas u*v was an order of magnitude lower than u*0 for the grassy sub-reaches. Thus, the sudden 346 

reduction in CDa at the Willows-M and Bare-M sub-reaches enabled diverging flows from the main channel 347 

to the floodplain. The share of the discharge within the vegetation was on average 8% of the total for the 348 

grassy sub-reaches and 42% for the willows, and this difference was likely higher in the spring when the 349 

grasses were bent and the willows leafless. Thus, the grassy sub-reaches fulfilled the prerequisite for Eq. (5), 350 

which states that BX is the only vegetation parameter needed to determine ntot when the share of the discharge 351 

within the vegetation is less than 20% of the total. Similarly, the cross-sectional blockage factor is the main 352 

parameter for controlling the flow resistance of dense aquatic vegetation (e.g., Green 2006; Nikora et al. 353 

2008). For the sparser willows, ntot also depended on the parameter CDa, and the low increase in ntot with BX 354 

was explained by the low CDa values. In practice, with conventional methods a is more time-consuming and 355 

less accurate to obtain than inundated dry mass and vegetation height, but modern remote sensing methods, 356 

such as terrestrial laser scanning, are available for efficient collection of plant reference areas (e.g., Jalonen 357 

et al. 2015). From manually sampled vegetation, a can be derived for comparable floodplain grasses with Eq. 358 

(1).  359 

360 

Figure 4. ntot as a function of (a) inundated wet vegetation mass; (b) inundated dry vegetation mass; (c) 361 

cross-sectional vegetative blockage factor (regressions for BX>0.2). The lines denote exponential and 362 

linear regressions fitted for each sub-reach. In (c), the lower regression of Willows-M is for the leafless 363 

condition and the upper for the foliated condition. The symbols in (b) and (c) are same as in (a). 364 

365 

366 
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Figure 5. Total CDa (markers connected with lines) and CDa in 10-cm layers (filled markers without 367 

lines) as a function of vegetation height in autumn 2011.  368 

For low values of the blockage factor (BX=0–0.2), large scatter was observed in ntot (Fig. 4c). The scatter 369 

reflected the differences in nmc between the seasons and the sub-reaches (Fig. 3c) because ntot was strongly 370 

dependent on nmc at these low blockages (r=0.70, p =0.024 for BX<0.2). Thus, it is important to take into 371 

account the main channel resistance when the vegetative blockage is low. In this two-stage geometry, BX<0.2 372 

was associated with either very low floodplain water level (h<0.05 m) or with h/H>2.3. Because the relative 373 

errors in ntot increased with decreasing water surface slope, part of the scatter was likely caused by 374 

inaccuracy in the water level readings. 375 

Modeling the flow resistance in the two-stage channel 376 

The resistance coefficient ntot of the 190 m long test reach was modelled with Eq. (5) using the C* values 377 

calibrated at the lowest BX separately for the spring and autumn conditions. The difference in C* between 378 

autumn (C*=0.079) and spring (C*=0.034) was mainly attributed to the seasonal variation in the main 379 

channel vegetation which was not included in the determination of BX. The C* values were physically 380 

reasonable as they corresponded to n=0.036–0.048 and were thus somewhat higher than the resistance 381 

coefficient for the unvegetated conditions (nbase=0.029) where the interfacial shear stress was absent. In 382 

addition, our C* values fell to the expected range for Cf (0.015≤ Cf ≤ 0.19) and Cv  (0.005 ≤ Cv ≤ 0.21), and 383 

were close to the values (0.05 ≤ C* ≤ 0.13) for simple channels with vegetated interfaces (Luhar and Nepf 384 

2013). Fig. 6 shows the experimentally obtained (Eq. 2) and predicted (Eq. 5) ntot in the different seasons at 385 

BX=0.15–0.53 and h=0.1–0.7 m (Nash–Sutcliffe efficiency = 0.71; root mean squared error = 0.018). The 386 

prediction error was 17% in both autumns, 6% in spring 2011, and 15% in spring 2012. The greater error in 387 

autumn may be related to the fact that a certain relative bias in BX causes a markedly higher error in n at 388 

greater values of BX because of the power-type nature of Eq. (5). The model outcome can also be affected by 389 

the fact that the lowest BX corresponded to the highest water level in the spring but to the lowest water level 390 

in the autumn. Although Eq. (5) is intended for submerged conditions characterized by interfacial shear 391 

above the vegetation, it produced satisfactory results for the emergent conditions as well. There was likely 392 

interfacial shear during the emergent flows because the majority of the grass blades were notably lower than 393 

the determined vegetation height, as indicated by the rapid decrease of CDa in the 10-cm layers as the water 394 

level increased (Fig. 5). Overall, Eq. (5) performed well because the dense grassy floodplain cover 395 

dominated in the test reach, causing the discharge in the unvegetated segment to be more than 80% of the 396 

total in the spatially-averaged sense.  397 

398 

Figure 6. ntot of the test reach: experimentally obtained vs. predicted with Eq. (5). 399 

If woody vegetation had dominated the test reach, a notably higher density than in the Willows-M stand 400 

would have been necessary for Eq. (5) to be valid. According to Eqs. (3) and (4), the discharge within a S. 401 



13 

viminalis stand at BX=0.5 would be less than 20% of the total if CDaH>~1 (CDaH = CDχ,FAL/AB+ CDχ,SAS/AB, 402 

see Site and methodology). Thus, using Eq. (5) would require AL/AB>2.3 and AS/AB>0.33 for S. viminalis 403 

having a similar leaf-area-to-stem-area ratio as Willows-M (AL/AS=7). The required AL/AB and AS/AB are 404 

somewhat lower for those woody species that have higher drag coefficients (see Västilä and Järvelä 2014). 405 

AL/AB, i.e. leaf area index, of Willows-M (=0.25) was notably lower than for typical floodplain stands of 406 

deciduous woody vegetation, for which the mean AL/AB ranges at approximately 1–4 (Antonarakis et al. 407 

2010; Forzieri et al. 2011). However, less than half of the foliage is typically located within the lowest few 408 

meters above the ground (Antonarakis et al. 2010). The woody parts of the present willows had a frontal area 409 

per volume of a=0.027 m
-1

 (corresponding to AS/AB=0.038 at H=1.3 m), which falls to the range recorded for410 

willow shrubs and deciduous forests on floodplains (a=0.01–0.13 m
-1

; Zinke 2011, and references therein).   411 

Flow–vegetation–sediment interaction: erosion and deposition of cohesive matter 412 

Fig. 7 shows the mean annual net deposition over the two-year period as a function of the maximum 413 

inundated vegetation height and dry mass. Net deposition exhibited a relationship to both vegetation 414 

properties, as indicated by the positive correlations obtained for all three investigated cross-sectional parts. 415 

The correlation was significant for the height on the inner floodplain and interface (r=0.71–0.74) and for the 416 

dry mass on the interface (r=0.73), but insignificant for the height on the bank (r=0.54) and for the dry mass 417 

on the inner floodplain and bank (r=0.18–0.62). In a study conducted in a gravel-bed river by Corenblit et al. 418 

(2009), the accretion of silt and sand within grassy to woody riparian vegetation was significantly correlated 419 

with the intercepted biovolume (which is analogous to the maximum inundated height as defined herein). 420 

The mean difference in the net deposition between the two cross-sections inside each sub-reach was 7 mm/a, 421 

which was expected to result mostly from measurement errors. Thus, we use the average net deposition of 422 

each sub-reach in the following analyses.  423 

424 

Figure 7. Mean annual net deposition (negative values refer to net erosion) in the three cross-sectional 425 

parts of the sub-reaches as a function of (a–c) maximum inundated vegetation height and (d–f) 426 

maximum inundated dry mass.  427 

The average values revealed that net erosion occurred in all cross-sectional parts of Bare-M, deposition 428 

dominated in all parts of the grassy sub-reaches, and that Willows-M experienced both net deposition and 429 

erosion. According to Luhar et al. (2008), the shear-layer turbulence can penetrate to the bed of a submerged 430 

stand and re-suspend sediment only if CDaH<0.23. In our sub-reaches, the lowest two-year mean CDaH 431 

values were obtained for Bare-M (CDaH=0.19) and Willows-M (CDaH=0.38). Thus, the low frontal area 432 

index of Bare-M led to re-suspension whereas the turbulent stresses were not able to reach the bed of 433 

Willows-M, which explained the greater tendency of Willows-M to deposition. These results were in line 434 

with the aH threshold derived by Luhar et al. (2008) from the experimental data of Moore (2004), which 435 
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shows that aquatic stands having aH>~0.4 can reduce SSC markedly more than stands having a lower aH. 436 

For the grassy sub-reaches, the range of 1.9 ≤ CDaH ≤ 4.9 explained the dominance of deposition. 437 

The r values (Fig. 7) signified that the maximum inundated dry mass and height explained on average 32% 438 

and 45% of the deposition, respectively, which implied the presence of other controlling factors. The test 439 

reach formed a longitudinally extensive vegetated area, and under such conditions, deposition can be supply-440 

limited (e.g., Sharpe and James 2006; Zong and Nepf 2011). In the present case, the SS stock on the inner 441 

floodplain was replenished in Bare-M and Willows-M through lateral advection by the diverging flows from 442 

the main channel. The manner in which the distance to the nearest such SS replenishment point affected the 443 

deposition can be illustrated by comparing the three grassy sub-reaches. In Grasses-U with the short distance 444 

of 15 m to the SS replenishment point (Bare M), the average deposition on the inner floodplain was above 445 

the fitted regression lines (Figs. 7b and e). By contrast, the average deposition on the inner floodplain was 446 

approximately equal to the expected value in Grasses-N and lower than expected in Grasses-D with the 447 

distances of 39 m and 73 m, respectively, to the nearest SS replenishment point (Willows-M). The advection 448 

length scales calculated for the representative case of uv=0.01 m/s and H=0.2 m indicated that the largest 17–449 

19% of the SS flocs were deposited before the flow entered the sub-reaches Grasses-N and -D under these 450 

hydraulic conditions. On the whole, the slightly better correlations for the height compared to the dry mass  451 

reflected the fact that the maximum inundated height increased the potential for deposition by increasing the 452 

advection length scale (Eq. 6) and the vegetative blockage. By contrast, as the velocity within the vegetation 453 

was mainly dependent on (CDa)
-1/2

, a higher CDaH and the associated higher dry mass limited the deposition454 

in sub-reaches situated far from the SS replenishment point. In the present case, the differences in the 455 

explanative power of the height and dry mass were relatively low because of their strong correlation for the 456 

grassy vegetation.  457 

In Grasses-N and -D, the average annual deposition was 8 mm or 64% lower on the inner floodplain 458 

compared to the interface although the vegetation properties differed by less than 20% between these cross-459 

sectional parts. This finding indicated that most of the SS supplied to the interface via lateral diffusion from 460 

the main channel did not reach the inner floodplain. Thus, the present compound channel with the dense, 461 

often emergent vegetation did not follow the assumption that fine sediment deposits laterally uniformly 462 

across floodplains (Kronvang et al. 2009; Walling and He 1997). Flume experiments conducted by Sharpe 463 

and James (2006) under flow velocities and depths approximately representative of our field site confirm that 464 

lateral diffusion cannot effectively supply fine sediment to the inner floodplain. The strongest correlations 465 

between the deposition and vegetation properties were obtained for the interface having the least limited SS 466 

supply. However, the availability of SS at the interface slightly differed between the sub-reaches because of 467 

their differing inundation frequency and water depth. The Grasses-D that was inundated most often had a 468 

larger deposition at the interface than could be expected from the linear regressions. The difference was 469 

lower for Grasses-N that had on average 4 cm lower floodplain water depths, and negative for Grasses-U 470 

having on average 11 cm lower water depths.  471 
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Implications at the reach scale: focus on the cohesive sediment 472 

Our field investigation showed that floodplain vegetation can significantly influence the flow hydraulics 473 

(e.g., Fig. 4) and cohesive sediment processes (Fig. 7), which has several implications at the reach scale. 474 

Vegetation increased Manning’s n by up to fourfold depending on the season and water level, which 475 

highlighted the importance of reliable prediction of the vegetative flow resistance in the design and 476 

management of compound channels. The successful application of Eq. (5), illustrated in Fig. 6, indicated that 477 

it can be used to predict Manning’s n in vegetated two-stage geometry. For instance, Eq. (5) allows 478 

determining how the vegetative blockage factor needs to be changed to reduce the flow resistance to a 479 

required level.  480 

The designed bankful level provided high potential for deposition on the floodplain because the share of the 481 

SS load transported during overbank flows amounted to 90% of the total load in the wetter year and 70–80% 482 

in the drier year. In addition, overbank flows were typically characterized by notably higher SSC than the 483 

baseline value of 5–20 g/m
3
 (as determined with the 1.2 μm filters). The spatially-averaged deposition on the 484 

190 m long floodplain was 5.4 kg/m
2
/a or 0.7 cm/m

2
/a, which is of the same order of magnitude as for an 485 

agricultural floodplain in Denmark (0–6.3 kg/m
2
/a, Kronvang et al. 2009) and for British floodplains (0.4–486 

12.2 kg/m
2
/a, Walling 1999). At the Ritobäcken, the total amount of trapped sediment may have been higher 487 

than indicated by the cross-sectional surveys because settling on vegetation surfaces can increase the removal 488 

of SS by up to 2 times depending on the horizontal plant area and the effect of the vegetation on the vertical 489 

turbulent mixing (e.g., Elliott 2000). The sediment deposited on the 190 m long floodplain comprised 3.4–490 

5.5% of the total SS load, indicating that the floodplain was fairly stable. However, the results demonstrated 491 

the potential for obtaining either lower or higher deposition by controlling the properties of the plant stands. 492 

For instance, under supply-limited conditions, deposition can be easily increased by creating more SS 493 

replenishment points, i.e., short sparsely vegetated sub-reaches which allow the suspended sediment to be 494 

effectively distributed from the main channel to the floodplain. Under optimal supply conditions, the share of 495 

the deposited sediment was computed to increase almost linearly with the length of the two-stage reach.  496 

The continuous data showed that the test reach underwent net deposition during the two-year period. 497 

However, the results did not preclude the possibility of seasonal erosion on the floodplain, similar to that 498 

caused by the growth and die-back of aquatic vegetation on channel beds (Cotton et al. 2006; Heppell et al. 499 

2009), or minor net erosion in the main channel. Net deposition improved the water quality by reducing the 500 

turbidity and suspended sediment concentration of the water transported to downstream water courses. The 501 

matter deposited on the floodplain had a notable fraction of clay (17%), and 91% of the deposits consisted of 502 

particles finer than 58 μm. The D10–D90 grain sizes of the suspended sediment were 2–5 times higher in the 503 

flocculated compared to the dispersed form. These figures are similar to those reported for large Dutch 504 

floodplains where aggregated flocs consisting of particles with a dispersed grain size of 2–35.4 μm constitute 505 

90% of the deposited matter (Thonon et al. 2005).  506 
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In the investigated two-stage channel, the suspended sediment originates mainly from the catchment area 507 

(Västilä and Järvelä 2011), with the sub-surface drains of the fields expected to be a significant pathway, as 508 

is typical for agricultural sites with similar soils (e.g., Deasy et al. 2009; Warsta et al. 2013 and references 509 

therein). During the two-year monitoring, the annual mean SSC obtained with the 0.4 μm and 1.2 μm filters 510 

was 41 g/m
3
 and  21 g/m

3
, respectively, for the mean Q=0.08 m

3
/s, and 54 g/m

3
 and 34 g/m

3
, respectively, 511 

for the mean Q=0.16 m
3
/s. In channels receiving such high concentrations of SS and harmful sediment-512 

bound substances, the two-stage approach allows reducing the loads of e.g. eutrophication-causing 513 

phosphorus or toxic heavy metals by managing the deposition of the cohesive fraction. Thus, a two-stage 514 

profile accompanied with suitable management of the floodplain vegetation can be employed e.g. in 515 

agricultural drainage for decreasing the input of phosphorus from fields to downstream water bodies. At the 516 

Ritobäcken, deposition typically occurred during rainfall-induced overbank flows in the autumn and spring, 517 

mainly at SSC=100–500 g/m
3
 although such events covered only 2% of the time. The data confirmed that 518 

floodplain vegetation can enhance the water quality especially during high flows by reducing the peak 519 

concentrations of cohesive SS. Overall, our findings indicated that the transport of cohesive sediment can be 520 

controlled by two-stage designs. 521 

Conclusions 522 

Our field study provided knowledge and quantification on how flow and cohesive sediment processes in a 523 

two-stage channel depend on objectively measurable properties of the floodplain vegetation (relative 524 

submergence, height H, cross-sectional blockage factor BX, dry mass, wet mass, CDa, and distance from the  525 

suspended sediment replenishment point). The research was novel in showing that straightforward analyses 526 

together with a physically-based characterization of the plant stands can be used to describe the impact of 527 

floodplain vegetation in reach-scale engineering applications. The observed differences in the flow–528 

vegetation interaction between the grasses and willows were explained by the parameter CDa. The high 529 

vegetation density enabled the flow resistance of the grassy sub-reaches to be estimated primarily by the 530 

blockage factor whereas the results for the willows were indicative of the importance of CDa for sparser 531 

woody vegetation. We found that the model based on BX (Eq. (5)) was suitable for predicting the flow 532 

resistance in the grassycompound geometry, requiring the seasonal resistance changes controlled by sources 533 

other than floodplain vegetation to be calibrated at only one overbank condition. The parameter CDaH was 534 

observed to characterize the tendency towards erosion or deposition while the magnitude of net deposition 535 

was most strongly explained by the maximum inundated vegetation height. Higher vegetation increased the 536 

availability of suspended sediment, with the results showing that deposition can be supply-limited even on 537 

such narrow floodplains if the vegetation is dense. As a practical implication, the two-stage approach was 538 

confirmed to provide potential for the management of fine sediment through appropriate maintenance of 539 

vegetation. The results of this research are expected to be useful for estimating the flow resistance and 540 
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deposition in compound channel designs that aim at reducing the adverse environmental effects associated 541 

with conventional channel engineering.  542 
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Notations 549 

a frontal area per unit volume (1/m) 550 

A wetted area 551 

AB ground area (m
2
) 552 

AL leaf area (m
2
) 553 

AS stem area (m
2
) 554 

BX cross-sectional vegetative blockage factor (-) 555 

C* bulk drag coefficient lumping the bed and interfacial shear (-) 556 

CD drag coefficient (-) 557 

CDχ,F foliage drag coefficient (-) 558 

CDχ,S stem drag coefficient (-) 559 

Cf drag coefficient of the bed (-)560 

Cv drag coefficient at the interface between vegetation and open water (-) 561 

D floc diameter (μm) 562 

g gravitational acceleration (m/s
2
) 563 

H vegetation height (m) 564 

h water depth on the floodplain (m) 565 
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h/H relative submergence (-) 566 

K constant of Eq. (2) (m
1/3

/s) 567 

Lb total length of the interface between the bed and the open water (m) 568 

Lv total length of the interface between the vegetation and the open water (m) 569 

mD dry vegetation mass (kg/m
2
) 570 

mW wet vegetation mass (kg/m
2
) 571 

nbase Manning’s resistance coefficient of the unvegetated channel at overbank flows (-) 572 

nmc Manning’s resistance coefficient at bankful flows (-) 573 

ntot total Manning’s resistance coefficient at overbank flows (-) 574 

nveg Manning’s resistance coefficient of the floodplain vegetation 575 

P wetted perimeter (m) 576 

Q discharge (m
3
/s) 577 

R hydraulic radius (m) 578 

S energy slope (-) 579 

SS suspended sediment 580 

SSC suspended sediment concentration (g/m
3
) 581 

T turbidity (NTU) 582 

um cross-sectional mean velocity (m/s) 583 

uv velocity within vegetation (-) 584 

u
*

v dimensionless velocity within vegetation (-) 585 

u0 velocity in the unvegetated segment of the cross-section (-) 586 

u
*

0 dimensionless velocity in the unvegetated segment of the cross-section (-) 587 

xa advection length scale (m) 588 

ws particle settling velocity (m/s) 589 
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Figure 1. (a) A representative two-stage cross-section with the surveyed geometry in 2010 and 2012; (b) the 

test reach at a low floodplain water depth; (c) the field site with the monitoring infrastructure.  

Figure 2. Conceptualization of factors controlling the total flow resistance at overbank flows (ntot), and the 

present study conditions. The two main components of ntot are nveg that includes the resistance factors related 

to the floodplain vegetation, and nbase that lumps the remaining factors. In the present case, nveg contributed 

on average 89% of ntot, and thus our analyses focus on the relationship between vegetative properties and ntot. 

Figure 3. (a) Mean floodplain water depth of the sub-reaches as a function of discharge; (b) spatially-

averaged vegetative blockage factor in different seasons, (c) Manning’s n of the sub-reaches at overbank 

conditions (ntot) and at bankful conditions of the main channel (nmc); (d) ntot as a function of the relative 

submergence (the dashed line marks h/H=1). 

Figure 4. ntot as a function of (a) inundated wet vegetation mass; (b) inundated dry vegetation mass; (c) cross-

sectional vegetative blockage factor (regressions for BX>0.2). The lines denote exponential and linear 

regressions fitted for each sub-reach. In (c), the lower regression of Willows-M is for the leafless condition 

and the upper for the foliated condition. The symbols in (b) and (c) are same as in (a). 

Figure 5. Total CDa (markers connected with lines) and CDa in 10-cm layers (filled markers without lines) as 

a function of vegetation height in autumn 2011.  

Figure 6. ntot of the test reach: experimentally obtained vs. predicted with Eq. (5). 

Figure 7. Mean annual net deposition (negative values refer to net erosion) in the three cross-sectional parts 

of the sub-reaches as a function of (a–c) maximum inundated vegetation height and (d–f) maximum 

inundated dry mass.  
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