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Abstract 25 

Arrays of real mangrove pneumatophores and artificial dowel mimics were constructed in a 26 

laboratory flume to compare differences in flow dynamics. Compared to the uniform-height 27 

dowel canopy, the non-uniform height of the pneumatophores significantly reduced the 28 

intensity of the canopy shear layer, and shifted the turbulence maxima from directly above 29 

the dowels upwards by approximately the standard deviation of the pneumatophore heights. 30 

Consequently, bed shear stresses were up to two times greater in the uniform-height dowel 31 

canopy than in a pneumatophore canopy of similar density. At the same time, ratios of the 32 

within-canopy velocity to the free-stream velocity above the canopies were not significantly 33 

altered by heterogeneous heights, shapes and spatial distributions of the pneumatophores. Our 34 

results emphasize that uniform dowels are poor proxies of real pneumatophore canopies and 35 

may lead to underestimates of sediment-trapping efficiency.  36 

  37 
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1 Introduction 38 

Aquatic vegetation imposes a significant drag force on the surrounding water, altering flow 39 

velocity, turbulence and transport of suspended matter. Consequently, water motions through 40 

vegetation canopies, such as mangrove root systems and saltmarsh grasses, have been widely 41 

studied [reviewed by e.g. 1, 2-4]. While the vegetative drag tends to reduce horizontal current 42 

velocities within the vegetation, continuity requires enhanced flow above (or around) the 43 

vegetation, leading to increased velocity gradients over the canopy [2, 5, 6]. Resulting 44 

velocity gradients at the interface of the canopy and the free-flowing water give rise to large-45 

scale turbulent motions, increasing the exchange of water and suspended matter between the 46 

canopy and the water body [7-9].  47 

 48 

Elevated turbulence levels over vegetation canopies are able to sustain enhanced 49 

concentrations of suspended matter, however, these suspended materials may settle once 50 

transported into the less dynamic zone within the vegetation. Consequently, enhanced 51 

sediment deposition is often observed within (tidally) submerged canopies of mangrove roots, 52 

saltmarsh grasses and seagrass [10-14]. The actual deposition is highly dependent on 53 

vegetation properties, sediment supply and characteristics, as well as local hydrodynamic 54 

conditions. For example, while Young & Harvey [15] observed a positive correlation 55 

between accretion rates and root densities in mangroves, erosion has also been observed in 56 

mangroves with relatively high root densities [16-18]. This contrast in accretionary trends in 57 

mangroves is directly related to a balance between energy dissipation due to enhanced drag 58 

forces and turbulence generation around these root systems [e.g. 19]. 59 

 60 

An abundance of data on drag and turbulence within aquatic vegetation exists, mostly from 61 

experiments with uniform, rigid cylindrical dowels as vegetation mimics, positioned in 62 
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random, staggered or aligned arrangements [20-26]. In uniform emergent vegetation, flow 63 

speeds within the vegetation monotonically decrease with the vegetation density (measured 64 

by a = Nd, wherein a is the frontal vegetation cover per unit area [m-1], N is the number of 65 

stems per unit area [m-2] and d the stem diameter [m]), the water depth-to-stem diameter ratio 66 

(h/d) and the drag coefficient (CD) induced by the surface roughness of the vegetation 67 

elements [21, 27]. Both current velocities and turbulence intensity, expressed as the square-68 

root of the turbulent kinetic energy (k) divided by the flow velocity (u), are found to be 69 

approximately constant over the water depth within the emergent canopy, with exception of 70 

the near-bed region where peaks have been observed in both velocity and turbulence intensity 71 

[6, 21, 27]. While turbulence intensity increases with the presence of sparse emergent 72 

vegetation, there exists a critical vegetation density, beyond which the turbulence decreases 73 

owing to the reduction in flow speeds occurring at higher densities [27].  74 

 75 

Similar to the emergent scenario, in submerged canopies of uniform vegetation elements with 76 

height hc, within-canopy velocities tend to be constant with depth, provided the canopy 77 

density is sufficiently large to create a drag force that exceeds the bed stress, which occurs at 78 

ahc >~  0.23 [2, 28]. Above such a dense submerged canopy, a characteristic logarithmic 79 

velocity profile develops for submergence ratios h/hc > 1.25 [21, 29], with an inflection point 80 

of the velocity profile near the top of the canopy. Kelvin-Helmholtz instability in this canopy 81 

shear layer can give rise to the production of coherent vortices, forming a dynamic mixing 82 

layer and causing a local peak in the turbulence profile [20, 21, 30, 31]. The elevation of the 83 

logarithmic velocity profile with respect to the top of the submerged canopy, and 84 

consequently the penetration depth of the turbulence into the vegetation, depends on 85 

vegetation density, the submergence ratio and the vegetation surface roughness [21, 22, 29].  86 

 87 
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In addition to the above studies that considered idealized artificial canopies, some studies 88 

have also used real canopies with heterogeneous properties, both in the field and in the flume 89 

[32-34]. However, studies in real canopies often suffer from an inability to comprehensively 90 

resolve the hydrodynamics within the irregular (and dynamic) vegetation. This difficulty in 91 

obtaining high-resolution data means that the effects of non-homogeneous vegetation 92 

properties on the hydrodynamics remain largely unquantified. Liu et al. [35] showed that 93 

turbulence production was different in a heterogeneous canopy by studying flow patterns 94 

within a double-layer of idealized rigid vegetation. Throughout their experiments, the canopy 95 

consisted of various densities of regularly-spaced short and tall acrylic dowels. For 96 

sufficiently dense dowel configurations and sufficiently large relative height differences 97 

between the short and tall dowels, the velocity and turbulence profiles in the composite 98 

canopies resembled a superposition of the profiles for single-layer submerged canopies. 99 

However, the shear across the top of each of the vegetation layers was reduced compared to 100 

the shear at the top of a uniform-height dowel canopy of the same density, lowering the 101 

maximum turbulence production. 102 

 103 

These previous studies have highlighted the key principles of hydrodynamics in simplified 104 

uniform-height and composite double-layer vegetation canopy mimics. Mangrove 105 

pneumatophores are woody aerial roots growing upward from shallow lateral root systems of 106 

e.g. Avicennia and Sonneratia species, reaching heights ranging from a few centimetres to 107 

decimetres [36]. These pneumatophores show a considerable resemblance to the rigid 108 

cylindrical dowels frequently used as vegetation mimics. However, pneumatophore heights 109 

and diameters can vary substantially within the same field site [e.g. 37, 38]. The impacts of 110 

such heterogeneity in vegetation characteristics has not been addressed in previous studies. 111 

 112 
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In a pilot study, we demonstrated that real pneumatophores may have a different effect on the 113 

flow dynamics when compared to published studies using dowel mimics [39]. However, the 114 

range of experimental conditions used in the published studies made it difficult to isolate and 115 

quantify differences. Here, we use dowel canopies that have been designed to mimic the real 116 

pneumatophores, allowing for a direct comparison of the flow dynamics in three resembling 117 

vegetation canopies: real Avicennia pneumatophores (with three different densities), wooden 118 

dowels with a variable canopy height equal to the pneumatophores, and wooden dowels of a 119 

uniform height. Through these experiments, we explore: (i) the differences in flow dynamics 120 

between submerged canopies of real, heterogeneous pneumatophores and idealized dowel 121 

canopies of both uniform and variable height; and (ii) the hydrodynamic impacts of density 122 

variations in submerged canopies of real pneumatophores, compared to previous results for 123 

mimic canopies consisting of uniform dowels. These results provide an evaluation of 124 

common practices in physical and numerical modelling that mimic natural vegetation by 125 

uniform canopies and the observed differences will be used to identify potential avenues to 126 

incorporate effects of the non-uniformity of natural vegetation in such models.  127 

 128 

2 Methods 129 

2.1 Experimental set-up 130 

Experiments were conducted in a 6.6 m long and 0.5 m wide recirculating acrylic flume with 131 

a horizontal bottom [see 40]. The potential gradient across the flume was associated with a 132 

water surface gradient only and a steady flow was generated by a variable-frequency impeller 133 

that was mounted in the recirculating duct of the flume (Figure 1a). An insert of 0.3 m long 134 

stacked 20 mm diameter PVC tubes was used to damp turbulence and rectify unidirectional 135 

flow at the entrance of the flume.  136 

 137 
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Vegetation canopies were mounted in large sheets of floral foam that were incorporated in the 138 

false floor of the flume, providing a smooth bed over the full flume length. The canopies 139 

were 4.0 m long, starting from 0.45 m downstream of the flow rectifier and extended across 140 

the full width of the flume (Figure 1a). All data were collected along a series of six cross-141 

sections between 3.0 m and 3.5 m downstream of the leading edge of the canopies (Figure 1a) 142 

and flow velocities prior to the implementation of the canopies were obtained from ten 143 

spatially averaged observations of the free-stream velocity at either end of the data 144 

acquisition area (see section 2.4 for data processing procedures). 145 

 146 

Experiments were run with freshwater at three different water depths: 0.12 m, 0.21 m and 147 

0.30 m, mimicking various tidal inundation stages of the canopies. At each water depth 148 

experiments were run for two flow rates equating to free-stream flow velocities of 0.10 m/s 149 

and 0.15 m/s prior to the implementation of the canopies. Impeller frequencies of the pump 150 

were not modified after the introduction of the canopies, in order to maintain a constant flow 151 

forcing throughout experiments with the same water depth and flow rate. These experimental 152 

conditions are representative of the tidal dynamics in sheltered intertidal mangrove fringes 153 

[e.g. 41, 42]. 154 

 155 
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 156 

Figure 1 – Experimental setup: (a) Side view of the flume (dimensions in mm) including the vegetation canopy, (b) side view 157 

of the data collection area in the flume for the high-density pneumatophore experiment (h = 0.12 m), and (c) top-view of the 158 

data collection area for the experiment with uniform-height dowels. Locations for collecting vertical velocity profiles are 159 

marked with dashed lines in (a) and white ‘+’s in (c). 160 

 161 

2.2 Vegetation canopies 162 

Experiments were undertaken for a plane bed and for five different canopies: three different 163 

densities of real pneumatophores and two high-density dowel canopies with variable and 164 

uniform heights (Table 1). Pneumatophores were harvested from the Waikareao Estuary in 165 

Tauranga Harbour, New Zealand. In order to obtain a natural spread of the pneumatophores 166 

in the flume, scaled photographs of 1x4 m2 patches of sparse, average and dense 167 

pneumatophore covers were collected at the field site prior to harvesting (Figure 2a). These 168 

surveys revealed a patchiness of the pneumatophores that was reconstructed in the flume by 169 

applying a 0.10x0.10 m2 raster overlay on both the photo reconstruction and the flume bed 170 

(Figure 2b,c).  171 

 172 
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The reconstructed pneumatophore canopies had low (Pneum-LD), average (Pneum-AD) and 173 

high (Pneum-HD) densities N of 71, 154 and 268 m-2, respectively. The pneumatophores 174 

generally featured a tapered shape with an average basal diameter of 8.1 mm, decreasing to 175 

6.6 mm at mid-height and 4.0 mm at the tip of the pneumatophore, with a depth-mean 176 

diameter d of 6.2 mm. The mean pneumatophore diameter remained constant in all three 177 

reconstructions (Table 1). The resulting mean cross-sectional pneumatophore density φ = 178 

Nπd2/4 ranged from 0.0023 to 0.0086 and the frontal canopy cover per unit area (a) ranged 179 

from 0.44 m-1 to 1.67 m-1 for the low and high pneumatophore densities, respectively (Table 180 

1). These densities were similar to values observed in lower latitude mangrove systems [16, 181 

37, 38].  182 

 183 

The average pneumatophore heights hc differed slightly between densities and across the 184 

different experiments the ratio of the water depth to the mean canopy height (h/hc) ranged 185 

from 1.9 to 4.7 (Table 2). Owing to the variability in heights of individual elements (standard 186 

deviations of pneumatophore height were up to just over half of the mean canopy height; 187 

Table 1), not every pneumatophore was fully submerged for the lowest water depth. 188 

Throughout the experiments the pneumatophores behaved as rigid structures that did not 189 

move or bend due to the hydraulic forcing, which is similar to their static behaviour in the 190 

field when exposed to tidal currents only (personal observation). 191 

 192 

The high density experiments were reproduced with rigid dowel mimics. Firstly, each 193 

pneumatophore was replaced with a dowel of the same height (Figure 2d), resulting in a 194 

variable-height dowel canopy (DowVar) with the same horizontal distribution as the 195 

pneumatophores (Table 1). Secondly, all dowels were replaced with dowels of a uniform 196 

height (DowUni) equal to the mean height of the high-density pneumatophore and variable-197 
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height dowel canopies. The cross-sectional density φ for both dowel canopies was slightly 198 

smaller than for the high-density pneumatophore canopy owing to the marginally smaller 199 

mean diameter of the dowels relative to the pneumatophores (Table 1). 200 

 201 

 202 

Figure 2 – Canopy reconstruction in the flume: (a) high-density pneumatophore cover in the Waikareao Estuary in New 203 

Zealand, (b) a section of the rectified photo resulting from the field survey, and (c) reconstructed canopy in the flume and (d) 204 

pneumatophore with a dowel mimic of equal height (the black part of the pneumatophore and the tubed part of the dowel 205 

were fixed in the bed). 206 

 207 

Table 1 – Vegetation properties of the experiments: heights hc (mean ±SD of all pneumatophores); diameters d are 208 

averages of the top, middle and bottom diameter of each pneumatophore (mean ±SD of >100 pneumatophores); 209 

frontal canopy cover per unit area a; and cross-sectional pneumatophore densities φ (as per definition computed with the 210 

root-mean-squared pneumatophore diameter). 211 

 Pneumatophores Dowels 

 low density 
Pneum-LD 

average density 
Pneum-AD 

high density 
Pneum-HD 

variable height 
DowVar 

uniform height 
DowUni 

N [m-2] 71 154 268 268 268 

hc [mm] 64 ±25 65 ±34 71 ±38 71 ±38 71 ±0 

d [mm] 6.2 ±1.4 6.2 ±1.4 6.2 ±1.4 6.0 ±0 6.0 ±0 

a [m-1] 0.44 0.96 1.67 1.61 1.61 

φ [-] 0.0023 0.0049 0.0086 0.0076 0.0076 

 212 

2.22.3 Data collection 213 

For each of the canopies, experiments were run at the three different water depths and two 214 

flow rates (experimental conditions summarized in Table 2). A fully automated 3D 215 
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positioning table (Animatics SmartMotors) allowed for precise positioning and accurate 216 

repetitions of hydrodynamic measurements (Figure 1a). Flow and turbulence data were 217 

collected with a 10 MHz Nortek Vectrino Profiler (VP) that was mounted on the positioning 218 

table (Figure 1b). The VP collected velocity profiles comprising 35 vertical cells of 1 mm 219 

each, starting at 40 mm below the probe. Data were collected at a sampling rate of 50 Hz for 220 

60 s at any position (tests conducted with a range of time windows showed that 60 s was long 221 

enough to obtain consistent flow characteristics). The VP was moved along the vertical (z-222 

direction) to obtain semi-continuous vertical velocity profiles over the full water depths. To 223 

account for the inhomogeneity of the velocity field both inside and above the canopy, these 224 

vertical velocity profiles were collected at 30 positions within the data collection area (Figure 225 

1a), covering 6 transects with a 100 mm interval in the streamwise x-direction and 5 positions 226 

with a 75 mm spacing in the lateral y-direction along every transect (Figure 1c). The 227 

observations were located no less than 0.10 m away from the flume walls to prevent shear 228 

from the side walls impacting the measurements. For the plane bed experiments, the 229 

streamwise spacing was increased to 500 mm and 10 vertical velocity profiles were collected 230 

within the data collection area in order to account for minor streamwise and lateral velocity 231 

variations due to imperfections in the flume.  232 

 233 

Table 2 – Experimental conditions: Canopy types as in Table 1; water depth h; free-stream velocity U for the plane bed 234 

scenario at the same water depth and flow rate (low or high) prior to inserting vegetation; canopy submergence h/hc; free-235 

stream velocities U∞ at 0.05 m below the water surface (for experiments with 0.12 m water depth these observations 236 

coincided with the top of the canopies, hence no free-stream velocity could be resolved); depth-averaged within-canopy 237 

velocities Uc for 0 ≤ z ≤ hc and the equivalent depth-averaged velocities U0 for the plane bed experiments (presented 238 

values for U0 for hc = 71 mm); ratios of within-canopy velocity to free-stream velocity Uc/U∞; spatially averaged near-bed 239 

Commented [EH6]: Leaving out Uinf for the 12 cm water 
depths as requested by reviewer 2. 



12 
 

(z=0.2hc) Reynolds stresses ''wu ; the flow Reynolds number R; the stem Reynolds number of the vegetation Red; and the 240 

estimated drag coefficients CD of the vegetation elements. 241 

Canopy type h 
[m] 

U 
[m/s] 

h/hc 
[-] 

U∞ 
[m/s] 

Uc(U0) 
[m/s] 

Uc/U∞ 
[m/s] 

chz
wu

2.0
''

=

[x10-5 m2/s2] 
Re 

[x104] 
Red 
[-] 

CD 

[-] 

PlaneBed 0.12 0.10 - 0.10 0.08 - -1.70 1.09 - - 

PlaneBed 0.12 0.15 - 0.15 0.12 - -3.54 1.65 - - 

PlaneBed 0.21 0.10 - 0.10 0.07 - -1.33 1.88 - - 

PlaneBed 0.21 0.15 - 0.15 0.11 - -3.15 2.85 - - 

PlaneBed 0.30 0.10 - 0.10 0.07 - -1.23 2.65 - - 

PlaneBed 0.30 0.15 - 0.15 0.10 - -2.52 3.97 - - 

Pneum-LD 0.12 0.10 1.9 0.09n.a. 0.07 0.78n.a. -1.05 0.98 425 0.7 

Pneum-LD 0.12 0.15 1.9 n.a.0.13 0.10 n.a.0.77 -2.23 1.47 632 0.7 

Pneum-LD 0.21 0.10 3.3 0.11 0.06 0.52 -0.92 1.86 354 1.3 

Pneum-LD 0.21 0.15 3.3 0.16 0.09 0.52 -1.93 2.76 527 1.2 

Pneum-LD 0.30 0.10 4.7 0.11 0.05 0.46 -0.91 2.61 307 1.7 

Pneum-LD 0.30 0.15 4.7 0.16 0.08 0.47 -1.88 3.93 468 1.6 

Pneum-AD 0.12 0.10 1.8 n.a.0.08 0.07 n.a.0.78 -0.98 0.93 405 0.7 

Pneum-AD 0.12 0.15 1.8 n.a.0.13 0.10 n.a.0.79 -2.10 1.40 612 0.7 

Pneum-AD 0.21 0.10 3.2 0.11 0.05 0.46 -0.81 1.78 312 1.3 

Pneum-AD 0.21 0.15 3.2 0.16 0.07 0.46 -1.85 2.64 465 1.2 

Pneum-AD 0.30 0.10 4.6 0.11 0.04 0.37 -0.71 2.57 260 1.7 

Pneum-AD 0.30 0.15 4.6 0.17 0.06 0.37 -1.53 3.86 391 1.6 

Pneum-HD 0.12 0.10 1.7 n.a.0.07 0.06 n.a.0.79 -0.53 0.80 354 0.8 

Pneum-HD 0.12 0.15 1.7 n.a.0.10 0.08 n.a.0.80 -1.02 1.17 521 0.9 

Pneum-HD 0.21 0.10 3.0 0.11 0.04 0.37 -0.42 1.70 260 1.3 

Pneum-HD 0.21 0.15 3.0 0.17 0.06 0.38 -0.97 2.51 385 1.3 

Pneum-HD 0.30 0.10 4.2 0.12 0.03 0.27 -0.33 2.53 203 1.7 

Pneum-HD 0.30 0.15 4.2 0.18 0.05 0.27 -0.79 3.81 312 1.6 

DowVar 0.12 0.10 1.7 n.a.0.07 0.06 n.a.0.80 -0.21 0.81 350 0.5 

DowVar 0.12 0.15 1.7 n.a.0.11 0.09 n.a.0.80 -0.71 1.25 541 0.4 

DowVar 0.21 0.10 3.0 0.11 0.04 0.41 -0.25 1.65 263 0.8 

DowVar 0.21 0.15 3.0 0.16 0.07 0.42 -0.55 2.48 400 0.7 

DowVar 0.30 0.10 4.2 0.12 0.04 0.31 -0.23 2.49 216 1.1 

DowVar 0.30 0.15 4.2 0.18 0.06 0.31 -0.55 3.77 330 0.9 

DowUni 0.12 0.10 1.7 n.a.0.08 0.06 n.a.0.74 -0.86 0.87 342 1.5 

DowUni 0.12 0.15 1.7 n.a.0.12 0.09 n.a.0.74 -2.06 1.35 532 1.4 

DowUni 0.21 0.10 3.0 0.11 0.04 0.39 -1.09 1.73 264 3.0 

DowUni 0.21 0.15 3.0 0.17 0.07 0.40 -2.54 2.64 404 2.9 

DowUni 0.30 0.10 4.2 0.11 0.04 0.33 -0.92 2.53 227 3.6 

DowUni 0.30 0.15 4.2 0.17 0.06 0.34 -1.99 3.84 352 3.5 

 242 

2.32.4 Data processing 243 

Data were filtered for correlations ≥70 % and signal-to-noise ratios ≥15 dB [cf. 43] and the 244 

procedure of Hurther & Lemmin [44] was applied to remove Doppler noise from the 245 
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turbulent velocities by compensating for the covariance between the two vertical velocity 246 

signals that were obtained by the VP. Profiles of Doppler noise exhibited a parabolic shape, 247 

with a minimum around the ‘sweet spot’ of the instrument and larger values towards the 248 

extremities of the profiles [45]. Doppler noise only affects the turbulence intensities and 249 

hence estimates of turbulent kinetic energy. The Reynolds stress, computed with the 250 

horizontal and vertical velocities obtained through the same beam pair of the VP, is 251 

unaffected by this noise term [44].  252 

 253 

Time-averaged (u , v , w ) and turbulent ( 'u , 'v , 'w ) velocities were extracted from each pre-254 

processed data record, with u, v and w denoting the streamwise, spanwise and vertical 255 

velocity components, respectively. Turbulent kinetic energy ( )222
2

1 ''' wvuk ++=  and 256 

Reynolds stress ''wu  (i.e. Reynolds shear stress normalized by the density ρ) were computed 257 

for each location at every time. Parameters were then time-averaged over the length of the 258 

data records (denoted with overbars). Spatial averages (denoted with angle brackets) were 259 

obtained by averaging over all 30 separated vertical profiles (Figure 1c), or 10 profiles for the 260 

plane bed experiments [cf. 46].  261 

 262 

After application of the above filtering procedures, temporally- and spatially-averaged 263 

velocity profiles showed a smooth pattern over the water depth. The turbulence profiles, 264 

however, still showed substantial variability along the vertical after correction (to a lesser 265 

extent also shown in the Reynolds stress profiles; see e.g. Figure 3b,c), even though Brand et 266 

al. [45] found that Hurther & Lemmin’s noise removal procedure effectively improved VP 267 

data accuracy. Consequently, this paper focusses on the point observations of turbulence 268 

properties deemed to be most reliable, located in the ‘sweet spot’ of the VP at 50 mm below 269 
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the probe [47], thus reducing data profiles to a discrete series of point observations with a 270 

vertical spacing of 45 mm.  271 

 272 

The free-stream velocity over the canopy U∞ was defined as the (horizontally-averaged) 273 

velocity observed nearest to the water surface, i.e. at 0.05 m below the water surface 274 

accounting for the instrument size and blanking distance. To calculate the depth-averaged 275 

velocity within the canopy Uc, the velocity profiles were linearly interpolated across the data 276 

gaps in the vertical and averaged over 0 ≤ z ≤ hc, (Table 1). These interpolations were based 277 

on the 10 data points around the sweet spots (to avoid outliers impacting the interpolations), 278 

while data from the lowest observation towards the bed were all maintained as there was no 279 

interpolation possible. The same procedure was applied for the plane bed experiments to 280 

obtain the equivalent average velocity U0 over each of the heights hc. Additionally, standard 281 

logarithmic velocity profiles were fitted to the spatially-averaged velocity data from the plane 282 

bed experiments which resulted in a roughness height z0 of 1.5x10-4 m for the foam bed in the 283 

flume [see e.g. 48]. 284 

 285 

Wake structures behind individual canopy elements depend on the stem Reynolds number 286 

νdUcd =Re , where ν is the kinematic viscosity of water. Nepf [27] defines the transition 287 

from a laminar to turbulent flow regime in vegetated flows as Red ≈ 200. In the present study 288 

Red varied between 200-650 (Table 2). Hence, all experiments with vegetation were in the 289 

turbulent regime. These stem Reynolds numbers were similar to the vegetation Reynolds 290 

numbers observed in tidal marshes [27, 49]. 291 

 292 

The wakes of individual canopy elements will interact at increasing vegetation densities, 293 

enhancing local turbulence and reducing the drag coefficient of individual canopy elements 294 
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[27, 50]. Hence, the drag coefficient (CD) of canopy elements is a function of local flow 295 

conditions within the vegetation canopy and the structural vegetation characteristics: density 296 

N and diameter d. Following Tanino & Nepf (2008), the depth-averaged drag coefficient can 297 

be determined by balancing the viscous dissipation of turbulent kinetic energy and the work 298 

done by form drag within a vegetation canopy, which yields: 299 

( )

3/1

1
21.1 








−

⋅=
πϕ

ϕ
DC

u

k
, (1) 

noting that in the present study, the average spacing between the pneumatophores or dowels 300 

is >2 times their mean diameter across all densities. Drag coefficients for the vegetation 301 

canopies could not be resolved directly through the momentum equation as the water level 302 

gradient along the flume was too small to be measured accurately in these experiments. 303 

 304 

3 Experimental results 305 

3.1 Flow dynamics in canopies of real pneumatophores and dowel mimics 306 

To examine the changes in flow dynamics arising from the shape variations and roughness of 307 

natural pneumatophores, relative to the commonly-used smooth dowel mimics with a 308 

constant diameter (Figure 2d), the results from the experiments with the high-density real 309 

pneumatophore canopy are compared to the artificial canopies with the variable-height and 310 

uniform-height dowel mimics (Table 1).  311 

 312 

Spatially-averaged depth-integrated velocities within the canopy Uc decreased by up to 51% 313 

in the pneumatophore canopy compared to the plane bed velocities U0 which are depth-314 

averaged over the same vertical extent. Compared to the real pneumatophore canopy, Uc 315 

increased with 10 % and 17 % for the variable-height and uniform-height dowel canopies, 316 

respectively, at h = 0.30 m (Figure 3a). Within-canopy flow velocities were faster for a 317 
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reduction of the water depth and hence the submergence h/hc of the pneumatophore canopy 318 

(Figure 3d); a trend that was observed for all canopies and flow rates (Table 2). The ratio 319 

Uc/U0 was inversely correlated with water depth and hence with canopy submergence for all 320 

canopies (Figure 4a), as a greater fraction of the flow got forced through the canopy in the 321 

shallower flows.  322 

 323 

The increase of the within-canopy velocities in both artificial dowel canopies compared to the 324 

pneumatophore canopy could be explained by the slightly smaller density of the dowels 325 

compared to the pneumatophores, reducing the total canopy resistance (Figure 4a). Although 326 

the dowels had an average diameter and density very close to the real pneumatophores (Table 327 

1), the tapered shape of the pneumatophores led to a change in the gradient of the vertical 328 

velocity profile. In particular close to the bed, where the real pneumatophores were widest, 329 

faster flow speeds were observed in the experiments with the variable-height dowels (Figure 330 

3a).Within the uniform-height dowel canopy, the velocity increase was more pronounced in 331 

the region around the top of the dowel canopy (at z = hc) when compared to the high-density 332 

pneumatophore canopy. With both dowel canopies having the same density, these differences 333 

of within-canopy flow patterns are owing to the varying height structure of the canopies. 334 

 335 

Flow velocities above each of the three canopies were higher than those over a plane bed for 336 

heights exceeding two times the canopy height (z >~ 2hc; Figure 3a). In this region, velocities 337 

above the variable-height dowel canopy were smaller than the flow velocities over the 338 

pneumatophores, due to the fixed flow forcing and the higher within-canopy velocity in the 339 

dowels. For the uniform-height dowel canopy, only the free-stream velocities above z/hc ≈ 340 

2.5 were reduced compared to velocities over the pneumatophore canopy. 341 

 342 
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Distortion of the vertical flow profile due to the canopies was expressed by the ratio of the 343 

within-canopy velocity Uc to the free-stream velocity U∞ [cf. 22, 51]. For the pneumatophore 344 

cover, this ratio was 0.27 for h = 0.30 m, whereas for the plane bed the equivalent ratio U0/U∞ 345 

was 0.67. Compared to the experiments with real pneumatophores, the ratio Uc/U∞ was 10-346 

15% greater for the variable-height dowels and up to 25% greater for the uniform-height 347 

dowels (Table 2). The flow forcing, as imposed by the fixed impeller frequencies for the low 348 

and high flow regimes at each water depth, had no effect on the ratio of the flow velocity 349 

within the vegetation and the free-stream velocity above the vegetation canopy and Uc/U∞ 350 

was constant across each set of experiments with the same canopy and water depth (Table 2). 351 

When normalized by the spatially averaged velocity at the top of the canopy 
chz

u
=

 [cf. 23], 352 

the velocity profiles for each canopy collapsed for the three water depths and two flow rates 353 

(Figure 3g).  354 

 355 

The vertical shear at the top of the canopies is associated with the generation of Kelvin-356 

Helmholtz vortices [29]. Consequently, the turbulence and Reynolds stresses peaked around 357 

the inflection points of the velocity profiles. Turbulence maxima occurred at z ≈ 1.5hc for the 358 

pneumatophores and variable-height dowels (Figure 3b,c), a level that equated to the mean 359 

plus one standard deviation height of these canopies (Table 1). However, for the uniform-360 

height dowel canopy, turbulence maxima were observed closer to the canopy at z ≈ hc, similar 361 

to results from past studies with uniform-height dowels [e.g. 20, 22, 29, 52].  362 

 363 

Turbulence was less intense for the experiments with variable-height dowels than with real 364 

pneumatophores, but the much greater gradient of the velocity profile at the interface of the 365 

uniform-height dowel canopy resulted in a stronger shear-layer with significantly greater 366 

vortex-generating capacity (Figure 3b,c). The maximum reduction of turbulence and 367 
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Reynolds stress in the variable-height dowel canopy compared to the pneumatophores was 368 

observed at z ≈ 2.1hc and ranged around 25% and 34%, respectively, for the experiments with 369 

0.30 m water depth. Conversely, near the top of the uniform dowel canopy, at z ≈ 0.8hc, 370 

turbulence increased by about 114% and Reynolds stresses had increased by 228% compared 371 

to the pneumatophore canopy. Differences in turbulence and Reynolds stresses right at the 372 

top of the dowel canopy may have been even more pronounced, but these could not be 373 

resolved from the data (see section 2.3). The enhanced turbulence in the uniform-height 374 

dowels was observed throughout the canopy, causing near-bed Reynold’s stresses to be of 375 

similar magnitude as over the plane bed, whereas both variable height canopies (natural and 376 

mimics) caused a much greater attenuation of these stresses (Figure 3c). 377 

 378 

A reduction of the canopy submergence increased the turbulent kinetic energy (Figure 3e) 379 

within and just above the canopies [cf.29], owing to the enhanced within-canopy velocities 380 

occurring at shallower water depths. Vertical profiles of the turbulence intensity uk
 

381 

and the normalized Reynolds’ stresses cUwu ''− were similar between experiments with 382 

different flow rates (Figure 3h,i), but profiles did not collapse for the different water depths 383 

(cf. the normalized velocity profiles in Figure 3g). However, the reduction of the near-bed 384 

turbulence and Reynolds stress in the variable-height dowels and their increase in the 385 

uniform-height dowels, compared to the high-density pneumatophores, was consistent for all 386 

water depths and flow regimes (Table 2). 387 

 388 
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 389 

 390 

 391 

Figure 3 – Combined results of the flume experiments for high-density real and artificial canopies. Spatially-averaged 392 

vertical profiles of (a) streamwise velocity, (b) turbulent kinetic energy, and (c) Reynolds stress, for a plane bed, the high-393 

density canopy of real pneumatophores, dowels with variable heights that are similar to the pneumatophore heights, and 394 

dowels with a uniform height equal to the average pneumatophore height (see Table 1), all at 0.30 m water depth and for the 395 

high flow rate (U = 0.15 m/s). (d-f) Show the same profiles for the pneumatophore canopy as (a-c) but at multiple water 396 

depths (and the high flow rate U = 0.15 m/s). Spatially-averaged vertical profiles of (dg) streamwise velocity scaled by the 397 

velocity at the top of the canopy, (eh) turbulence intensity, and (fi) friction velocity scaled by the velocity at the top of the 398 

canopy, for the different canopies (different colours as in a-c) at all water depths (symbols as in d-f) and at both flow rates. 399 

Dashed horizontal lines indicate the average canopy height. Panels (b,c,e,f) present the reliable turbulence observations 400 

from the sweet spots (solid symbols) and the noise-affected observations for the remainder of the observed profiles (grey 401 
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dots; see text for details). Legend key: canopy types as in Table 1; h12/h21/h30 = 0.12/0.21/0.30 m water depth; U10/U15 = 402 

low/high flow rate comparing to a free-stream velocity of 0.10/0.15 m/s over the plane bed. 403 

 404 

Drag coefficients for the dowels in the variable-height dowel canopy were 37-51% lower 405 

than those computed for the high-density pneumatophores, other conditions kept equal (Table 406 

2), likely owing to the smooth dowel surface compared to the relatively rough surface of the 407 

pneumatophores (Figure 2d). Conversely, the computed element drag coefficients for the 408 

uniform-height dowels were 3-4 times higher than those obtained for the variable-height 409 

dowels, even though the material was the same, and around 2 times higher than those for the 410 

real pneumatophores (Table 2). These canopy drag coefficients computed from (1) were 411 

mostly unaffected by the flow forcing (Table 2). However, the increasing within-canopy 412 

turbulence at shallower water depths resulted in a decrease of the vegetation drag coefficient 413 

with a reduction of the canopy submergence. 414 

 415 

   416 

Figure 4 – Comparison of within-canopy flow conditions relative to the no-vegetation case:(a) ratios of the within-canopy 417 

velocity to the plane bed velocity (0<z<hc) and (b) ratios of the near-bed turbulent kinetic energy (z = 0.2hc) in vegetated 418 

and plane bed (subscript 0) conditions. Dotted lines are fits (cubic spline) illustrating the different trends in the flow 419 

dynamics for the real pneumatophores at the various water depths. 420 

 421 
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3.2 Effects of canopy density in real pneumatophores 422 

Pneumatophore canopies with different densities were used for further comparison of the 423 

hydrodynamic behaviour of canopies composed of real pneumatophores versus dowel mimics 424 

(results provided in supplementary material). Spatially-averaged depth-integrated velocities 425 

within the different pneumatophore canopies Uc decreased by up to about 24%, 36% and 50% 426 

compared to the plane bed velocities U0, for the low, average and high pneumatophore 427 

densities, respectively (Figure 4a). Near-bed turbulence was largest for the average canopy 428 

density, with lower values observed in both the sparse and dense pneumatophore canopies 429 

(Figure 4b). A similar dependency of turbulence on canopy density was found in flume 430 

experiments with submerged bamboo vegetation mimics [12] and in a natural stream with 431 

submerged and emergent macrophytes [53]. These results of the pneumatophore experiments 432 

show evidence of the competing effects of an increasing vegetation density, causing the flow 433 

to slow down while at the same time facilitating greater wake production [27]. The computed 434 

drag coefficients for the pneumatophores were largely independent of the canopy density and 435 

the imposed flow forcing and reduced from 1.7 to 1.3 and to 0.8 for water depths of 0.30, 436 

0.21 and 0.12 m, respectively. 437 

 438 

Depth-averaged within-canopy velocities decreased monotonically with increasing vegetation 439 

densities across all experiments (Figure 4a). To enable the comparison of the results over the 440 

full range of experiments, we defined an adjusted vegetation density that is the product of the 441 

vegetation density φ and the submergence ratio h/hc. The within-canopy velocities relative to 442 

the plane bed velocities (Uc/U0), demonstrated a significant and negative correlation (r = -443 

0.98, p≪0.01) with this submergence-adjusted density parameter φ(h/hc) across all 444 

experiments with pneumatophores (Figure 5a). This relationship is a result of the fact that 445 

both larger vegetation densities and larger submergence ratios led to a decrease in within-446 
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canopy flow speeds (Figure 4a). The same submergence-adjusted density parameter also 447 

showed a significant but positive correlation (r = 0.92, p≪0.01) with the near-bed turbulence 448 

intensities in the pneumatophore canopies (Figure 5b). 449 

 450 

 451 

Figure 5 – Correlations of the relative within-canopy flow conditions with the submergence-adjusted vegetation densities: 452 

(a) the ratios of the within-canopy velocities to the near-bed velocities over a plane bed (Uc/U0) correlate significantly with 453 

the density parameter φ(h/hc) for the pneumatophore data (r = -0.98, p≪0.01) and (b) the near-bed turbulence intensity, at z 454 

= 0.2h, correlates positively with the submergence-adjusted vegetation density in each of the different canopies with r = 455 

0.92, 0.97 and 0.97 (p≪0.01) for the experiments with pneumatophores (Pneum), variable-height dowels (DowVar) and 456 

uniform-height dowels (DowUni), respectively. 457 

 458 

4 Discussion 459 

The variable shape and height of the pneumatophores was found to have no substantial 460 

impact on the attenuation of the within-canopy velocity in comparison to the canopies of 461 

dowel mimics, as the results for the dowel experiments collapse well onto the obtained 462 

relationship between the submergence-adjusted vegetation density and the velocity 463 

attenuation Uc/U0 (Figure 5a). This result is confirmed by a comprehensive comparison with 464 

data from prior studies using uniform-height dowels [20, 22-24, 51]. These data cover 62 465 

experiments and encompass a wide range of canopy densities and submergence ratios and 466 

demonstrate a significant and negative correlation between the calculated (or estimated) 467 
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ratios of the within-canopy velocity to the free-stream velocity above the vegetation (Uc/U∞) 468 

and the submergence-adjusted vegetation density (Figure 6a). In general, the ratios Uc/U∞ 469 

from the present experiments are in good agreement with the data obtained from the past 470 

experiments with uniform-height dowels. In both the present and previous studies, an 471 

increasing density, an increasing submergence ratio of the canopy, or a combination thereof, 472 

resulted in a non-linear decrease of the ratio Uc/U∞, expressed by the fitted power law 473 

( )( ) 30.013.0 −

∞ = cc hhUU ϕ  (R2 = 0.72). Given the similarity of the ratios of the within-canopy 474 

velocity to the free-stream velocity in the pneumatophore canopies with those observed in 475 

uniform-height dowel canopies in the present and past studies, it can be concluded that the 476 

variable shape and height of the pneumatophores in this study does not result in a 477 

significantly different vertical distribution of the streamwise velocities than the idealized 478 

uniform-height dowels. 479 

 480 
  481 
  482 

 483 

Figure 6 – Data from the present work in comparison to data compiled from previous studies in artificial canopies of 484 

uniform-height dowels (experiments with 0.12 m water depth were omitted from this analysis as U∞ was unresolved). (a) 485 

Commented [EH8]: Removed 12 cm water depth data 
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Ratios of the within-canopy velocity to the free-stream velocity were found to correlate significantly (r=-0.64, p<<0.01) with 486 

the submergence-adjusted canopy density φ(h/hc). The solid line presents a power law fit for the results of both present and 487 

previous studies (R2 = 0.76). (b) The maximum friction velocity scaled by the free-stream velocity varied around a constant 488 

value of 0.048 (SD = 0.004) for the experiments with pneumatophores and variable-height dowels (solid line), which is 489 

significantly lower (one-sided t-test, 95% confidence level, p<<0.01) than the average of 0.105 (SD = 0.016) throughout the 490 

present and previous results for uniform-height dowels (dashed line). 491 

 492 

The observed unique relationship between the velocity reduction and the submergence-493 

adjusted vegetation density emphasizes the governing role of the canopy submergence on the 494 

dynamics of vegetated flows. All data presented consider shallow submergence ratios (h/hc < 495 

5) for which the flow within the canopy is determined by the balance between pressure 496 

gradients, canopy drag and turbulent stresses [54]. In emergent canopies (h/hc ≤ 1), water 497 

flow through the canopy is primarily the result of the balance between the pressure gradient 498 

and the vegetative drag only, as the contribution by (stem-scale) turbulence often is 499 

negligible. For submerged vegetation (h/hc > 1), the shear layer at the top of the vegetation 500 

contributes to the turbulent stresses within the vegetation. In a canopy consisting of uniform 501 

dowels, the characteristic scale of the shear layer turbulence and, hence, the penetration of 502 

turbulent stresses into the vegetation, is limited for submergence ratios 1 < h/hc < 2 [29].  503 

 504 

The similarity between the experiments with dowels and with pneumatophores did not extend 505 

to the turbulence in the canopy shear layer (Figure 5b) and our results showed that the height-506 

variation of the vegetation density had a substantial effect on the turbulence production. The 507 

maximum value of the spatially-averaged non-dimensional friction velocity, i.e. 508 

max
max* '' wuu −= , scaled by the free-stream velocity, was found to be approximately 509 

constant over the full range of conditions in both the collection of past experiments and in the 510 

present experiments with uniform-height dowels, with a mean value of 0.105 (Figure 6b). 511 
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This finding was consistent with observations from Lowe et al. [22], who concluded that the 512 

non-dimensional canopy-induced friction velocity was about 0.1 throughout their 513 

experiments. However, the present experiments with variable-height canopies of 514 

pneumatophores and dowels produced significantly lower values (one-sided t-test, 95% 515 

confidence level, p<<0.01) for this non-dimensional friction velocity, with a mean value of 516 

0.048 (Figure 6b). 517 

 518 

The reduction of the maximum friction velocity over the variable-height canopies, even 519 

though the vertical distribution of the streamwise velocity profile for these canopies was 520 

similar to the uniform-height dowel canopies, can be attributed to changes in the canopy 521 

shear layer owing to the gradual decline of the vegetation density along the vertical. The 522 

turbulent exchange of momentum at the top of the canopy is controlled by shear-scale 523 

vortices, and so the friction velocity at the top of the canopy 
chzch wuu

=
−= ''*  scales with 524 

the velocity gradient across the water column, or the vortex velocity scale, ΔU [28]. Based on 525 

a subset of the data collated in Figure 6, Nepf et al. (2007) obtained a positive relationship 526 

between the ratio 
chuU *∆  and the canopy drag parameter CDahc (Figure 7). This relationship 527 

indicates that the exchange of momentum becomes less efficient as the vortex scale decreases 528 

for denser canopies, diminishing the Reynolds stress for a given velocity gradient. We 529 

computed the same parameters for our experiments (Figure 7), substituting the friction 530 

velocity at the top of the canopy with the maximum friction velocity max*u  (where max*u  equals 531 

chu* for uniform-height canopies), and using ΔU = U∞-Uc. The uniform-height dowel 532 

experiments of the present study compared well with the relationship derived by Nepf et al. 533 

(2007). However, the variable-height canopies produced much higher values for *maxuU∆  534 

(Figure 7). This difference coincides with the consistently lower values of the normalized 535 
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maximum friction velocity in Figure 6b for these canopies, due to its similarity with the 536 

inverse of the ratio *maxuU∆ . The reduced efficiency of the vertical momentum exchange 537 

across the pneumatophores and variable-height dowel canopies is associated with the 538 

heterogeneity of the canopy height, preventing the formation of a confined canopy shear layer 539 

as it is observed in the case of a discrete density transition at the top of uniform-height dowel 540 

canopies (Figure 3c; cf. Ghisalberti & Nepf, 2004). 541 

 542 

The canopy shear layer is associated with an inflection point in the velocity profile, which 543 

was observed in all velocity profiles for the two highest water depths used here (Figure 3g, 544 

Figure 9d), similar to the observations of King et al. [5]. The canopy drag parameter for the 545 

present experiments was as small as CDahc = 0.03, whereas previous studies only identified a 546 

well-defined shear layer and inflection point in the velocity profile for CDahc > 0.1 [23, 28, 547 

52]. Moreover, previous studies identified velocity inflection points and turbulence maxima 548 

at the top of the uniform-height vegetation at z = hc [e.g. 5, 28], but for the variable-height 549 

canopies in the present study inflection points and turbulence maxima were observed at 550 

height z ≈ 1.5hc, equating to the mean pneumatophore (or dowel) height plus one standard 551 

deviation of the height of the canopy elements (Table 1).  552 

 553 

 554 

Figure 7 – Comparison of the ratio of the vortex velocity scale ΔU and the maximum friction velocity max*u  for different 555 

vegetation types (for uniform-height canopies this maximum occurs at z ≈ hc, for variable-height canopies at z ≈ 1.5hc). The 556 
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black line represents the relationship obtained by Nepf et al. (2007) for uniform-height dowels. The ratios for the 557 

pneumatophores and the variable-height dowels also correlate positively with the canopy drag parameter CDahc as 558 

indicated by the grey line (r=0.69, p<0.01), but are substantially higher than those for the uniform-height dowels. 559 

(Experiments with 0.12 m water depth were omitted from this analysis as U∞ was unresolved.) 560 

 561 

The spatial distribution of the vegetation elements within canopies was found to have no 562 

significant impact on the flow dynamics. All canopies in the present study were based on the 563 

natural patchy spatial distribution of the pneumatophores. In Figure 6, the results of the 564 

uniform-height dowel experiments from the present study were in good agreement with 565 

results from previous studies using random [24, 51] as well as staggered dowel placements 566 

[20, 22, 23]. This similarity implies that the non-uniform spatial distribution of the vegetation 567 

elements within the canopy is of lesser importance relative to the impact of the non-uniform 568 

height of the dowels or pneumatophores. 569 

 570 

The results provide evidence that simulations of a natural non-uniform canopy with uniform-571 

height dowel mimics could significantly over-estimate the maximum Reynolds stress in the 572 

canopy shear layer and hence its contribution to transport of sediment over and into the 573 

vegetation canopy. The canopy shear layer that develops at the top of the submerged canopies 574 

enhances turbulent mixing and plays a crucial role in the exchange of both momentum and 575 

mass between the canopy and the flow above [8]. The maximum Reynolds stress for the 576 

dense pneumatophore canopy in this study was observed to be up to 2.9 times greater than the 577 

maximum stress over a plane bed under the same flow conditions (Figure 3c). This result is 578 

consistent with observations by Lacy and Wyllie-Echeverria [33] of Reynolds stresses at the 579 

top of macro-tidal eelgrass canopies being 2-4 times greater than the maximum stress over 580 

the plane sea bed. However, when the pneumatophores were replaced by uniform-height 581 
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dowels, the maximum stress in the canopy shear layer was up to 5.6 times greater than over 582 

the plane bed (Figure 3c). 583 

 584 

Penetration of the turbulence from the canopy shear layer into the vegetation canopy is a key 585 

parameter in assessing the influence on sediment entrainment and has been shown to be 586 

reduced for high density canopies [55]. We estimated the spatially-averaged bed shear stress 587 

from the near-bed Reynolds stress: 
chz

b wu
2.0

''
=

−= ρτ  at 0.015 m above the bed (z = 0.2hc). 588 

The ratio of the bed shear stresses in the pneumatophore canopies and the bed shear stress 589 

over the plane bed 0,bb ττ  showed a significant negative correlation with the pneumatophore 590 

density (Figure 8), irrespective of the level of submergence of the canopy, indicating that 591 

erosion potential was reduced for higher pneumatophore densities. Similarly, bed shear 592 

stresses in eelgrass beds were observed to be about 5.7 times smaller than at a nearby bare 593 

site [56]. The reduction of the bed shear stress to sub-critical values and hence the reduction 594 

of sediment transport capacity within (dense) vegetation canopies has been observed to 595 

enhance sediment deposition in both rigid and flexible submerged canopies [12, 56, 57].  596 

 597 

Reduced vertical variability of the canopy density within a canopy of variable-height dowels 598 

compared to the (tapered) pneumatophores, combined with the smoother surface of the 599 

dowels, was found to reduce the near-bed turbulence intensity (Figure 5b), giving rise to a 600 

substantial decrease in the erosion potential within the canopies (Figure 8). Compared to the 601 

high-density canopy of real pneumatophores, we observed markedly lower near-bed 602 

turbulence in the variable-height dowel canopies (Figure 4b) and bed shear stresses were 603 

about 2 times lower than the expected value for a real pneumatophore canopy of similar 604 

density (Figure 8), even though the scaled maximum friction velocity was similar for those 605 
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two canopy types (Figure 6b). The lower near-bed turbulence in the variable-height dowels is 606 

a combined effect of the impact of the tapered shape of the pneumatophores, enhancing the 607 

vertical gradient of the vegetation density, on the within-canopy velocity distribution (Figure 608 

3a) and the reduced turbulence production around the smoother surface of the mimics (Figure 609 

2d; Figure 3b,c).  610 

 611 

 612 

Figure 8 – The ratio of the spatially-averaged bed shear stresses in the pneumatophore canopies bτ  to the bed shear 613 

stress on the plane bed 0,bτ  declines significantly at higher pneumatophore densities, as shown by the linear fit (r=-0.95, 614 

p≪0.01). Bed shear stresses in the artificial dowel canopies do not comply with the relative bed shear stress predicted for a 615 

pneumatophore cover of the same density, as shown by the fitted line.  616 

 617 

Variability in the height of the canopy reduced the near-bed turbulence intensity (Figure 5b) 618 

and scaled friction velocity (Figure 6b), causing a substantial decrease of the erosion potential 619 

in such canopies compared to a uniform-height dowel canopy. Computed bed shear stresses 620 

in the uniform-height dowels were 3-5 times higher than those for the variable-height dowels, 621 

and they spanned a much wider range than any of the other canopies did for a single density 622 

(Figure 8). The much greater exposure of the bed in uniform-height canopies compared to 623 

variable-height canopies follows naturally from the observations that (i) turbulence intensity 624 

and Reynolds stresses in the canopy shear layer are much greater, and (ii) maximum 625 

Reynolds stresses were observed closer to the bed, at z ≈ hc instead of z ≈ 1.5hc (Figure 3b,c). 626 
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Consequently, bed shear stresses in the uniform-height dowel canopy were up to two times 627 

greater than would have been expected for a real pneumatophore canopy of similar density 628 

(Figure 8), particularly for the deeper submerged canopies. Based on these observations we 629 

can extend the findings by Liu et al. [35], who observed a reduction of the maximum 630 

turbulence intensity in a double-layer canopy compared to a uniform-height canopy, to 631 

natural heterogeneous vegetation canopies.  632 

 633 

Previous experimental studies with idealized uniform-height canopies [e.g. 20, 22, 28, 55, 57] 634 

may not provide appropriate results to directly infer sediment dynamics in natural aquatic 635 

canopies that typically have a non-uniform height distribution. Likewise, turbulence-636 

resolving numerical model simulations often assume uniform vegetation properties, including 637 

vegetation height [e.g. 12, 24, 52, 58, 59], thereby not accounting for the identified impacts of 638 

heterogeneity in vegetation canopies on flow dynamics. Our findings suggest that a constant 639 

scaling parameter of ~0.45 could be applied to the maximum friction velocity (scaled by the 640 

free-stream velocity) for a uniform-height canopy to obtain a value representative of a natural 641 

variable-height canopy, regardless of the canopy density and submergence (Figure 6b), 642 

keeping in mind that at the same time this maximum translates from the top of the canopy (z 643 

≈ hc) to a height similar to the average plus the standard deviation of the canopy height (z ≈ 644 

μ(hc) + σ(hc)). Following these modifications to the turbulent properties, a similar scaling 645 

could be developed for near-bed turbulence intensities (c.f. Figure 5b) and bed shear stresses 646 

(c.f. Figure 8) in natural canopies, but these relations would require further investigation to be 647 

confirmed across a broader range of uniform-height dowel canopy densities. 648 

 649 
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5 Conclusions 650 

Natural canopies of mangrove pneumatophores often exhibit a heterogeneous distribution 651 

with substantial variability in both height and diameter of vegetation elements [e.g. 37, 38]. 652 

Such heterogeneous natural canopies deviate significantly from the uniform dowel canopies 653 

that are frequently used in experiments to study flows in aquatic vegetation.  654 

 655 

Heterogeneity of the canopy height was found to significantly reduce the strength of the 656 

canopy shear layer in comparison to a canopy with uniform height. Maximum friction 657 

velocities, scaled by the free-stream velocity, were two times greater over uniform-height 658 

dowel canopies in the present and previous studies than over a natural pneumatophore canopy 659 

or dowel mimics with a similar, natural height distribution. Apart from the reduced 660 

turbulence over the variable-height pneumatophores and dowels, the turbulence maxima were 661 

also observed to be shifted upward, at z ≈1.5 hc which equated to the mean plus the standard 662 

deviation of the height of the canopy elements, as opposed to at hc for uniform-height dowel 663 

canopies. These two effects combined caused variable-height canopies to be less susceptible 664 

to enhanced near-bed turbulence levels. Turbulent stresses in the pneumatophore canopies 665 

were substantially lower and bed shear stresses were up to two times smaller in 666 

pneumatophore canopies compared to uniform-height dowel canopies with similar densities. 667 

  668 

Conversely, the variability in height and shape in pneumatophore canopies were found to 669 

have a very limited impact on the vertical velocity distributions in vegetated flows, as did the 670 

spatial distribution of the vegetation elements. The ratio of the within-canopy velocity to the 671 

free-stream velocity above the canopies showed a monotonous decrease with an adjusted 672 

density parameter φ(h/hc) that incorporates the submergence ratio of the canopy. This trend 673 
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was confirmed across present and past experiments with real pneumatophores and vegetation 674 

mimics that covered a wide range of flow conditions and canopy arrangements. 675 

 676 

The present findings demonstrate substantial differences in the hydrodynamics between 677 

canopies of real pneumatophores and dowel mimics, which may have significant implications 678 

for predictions of sediment transport and deposition within vegetated regions. Based on the 679 

observed reductions of maximum friction velocities and bed shear stresses in variable-height 680 

canopies, real pneumatophores may be much more efficient sediment traps than can be 681 

predicted based on uniform-height dowel experiments and model simulations. 682 

 683 

Acknowledgements 684 

This research is funded by the Royal Society of New Zealand’s Marsden Fund (grant number 685 

14-UOW-011). We thank Dean Sandwell for his help with setting up the flume experiments, 686 

and Carolyn Lundquist and Nicola Lovett for their help with the pneumatophore collection. 687 

We also thank two anonymous reviewers for their constructive feedback. 688 

 689 

Notation 690 

a Frontal canopy density per unit area [m-1] 
CD Canopy element drag coefficient [-] 
d Canopy element diameter [m] 
h Water depth [m] 
hc Canopy height [m] 
k Turbulent kinetic energy [m2/s2] 
N Canopy density [m-2] 
Re Flow Reynolds number [-] 
Red Stem Reynolds number of the canopy [-] 
u, v, w Streamwise (x), spanwise (y) and vertical (z) velocities [m/s] 
u', v', w'  Turbulent streamwise (x), spanwise (y) and vertical (z) velocities [m/s] 
u'w' Reynolds stress [m2/s2] 

*u  Friction velocity [m/s] 

chu*  Friction velocity at the top of the canopy z = hc [m/s] 

Commented [EH9]: As suggested by reviewer 1. 
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max*u  Maximum friction velocity over the full water depth h [m/s] 
U Free-stream velocity prior to canopy introduction [m/s] 
Uc Depth-averaged within-canopy velocity for 0 ≤ z ≤ hc [m/s] 
U0 Depth-averaged plane bed velocity for 0 ≤ z ≤ hc [m/s] 
U∞ Free-stream velocity (at z = h - 0.05 m) [m/s] 
z Height above bed [m] 
  
ΔU Canopy vortex velocity scale U∞-Uc [m/s] 
ρ Mass-density of water [kg/m3] 
τb Bed shear stress [N/m2] 
τb,0 Bed shear stress for plane bed without canopy [N/m2] 
φ Cross-sectional canopy density [-] 
φ(h/hc) Submergence-adjusted canopy density parameter [-] 
  
...  Temporally averaged variable 
...  Spatially averaged variable 
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6 Supplementary material 862 

Density effects in real pneumatophore canopies 863 

This supplement presents the results of the experiments with the different pneumatophore 864 

densities (Pneum-LD, Pneum-AD, Pneum-HD; see Table 2). Significant reductions of the 865 

within-canopy flow velocities were observed for all three densities of the real pneumatophore 866 

canopies, compared to the plane bed scenario, accompanied by enhanced over-canopy flow 867 

(Figure 9a). Velocity reductions occurred for z<~ 2hc, above which faster flow velocities were 868 

observed compared to the plane bed scenario. For the experiments with 0.30 m water depth, 869 

the ratios of the within-canopy velocity to the free-stream velocity decreased from Uc/U∞ = 870 

0.46 for the lowest pneumatophore density, to 0.37 for the average density pneumatophore 871 

cover and 0.27 for the highest pneumatophore density (Table 2). For comparison, for the 872 

plane bed scenario with h = 0.30 m, the ratio of the depth-averaged velocity over the 873 

equivalent canopy height compared to the free-stream velocity U0/U∞ was 0.67. 874 

 875 

Turbulence generation in the canopy shear layer increased with the velocity gradient across 876 

the top of the canopy and hence with the pneumatophore density, in agreement with previous 877 

observations by e.g. Dunn et al. (1996). Conversely, the near-bed Reynolds stresses at z = 878 

0.015 m (z = 0.2hc) decreased with vegetation density, by up to 22% and 63% (compared to 879 

the low pneumatophore density) for the average and high densities, respectively, owing to the 880 

lower within-canopy velocities (Figure 9c). 881 

 882 

The velocity profiles for each canopy densities, scaled by the velocity at the top of the 883 

canopy, collapsed for the three water depths and two flow rates (Figure 9d), similar to the 884 

results presented in Figure 3g. The profiles of the turbulence intensity and the normalized 885 
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Reynolds’ stresses were similar for experiments with different flow rates, but did not collapse 886 

for the different water depths (Figure 9h,i). 887 

 888 

The amplification of within-canopy turbulence with a reduction of the canopy submergence 889 

(Figure 3e) became more pronounced with an increase in canopy density. Near-bed (z/hc = 890 

0.2) turbulent kinetic energy at the shallowest water depth was up to 25%, 72% and 166% 891 

larger than for the deepest submergence, for the lowest, average and highest pneumatophore 892 

densities, respectively. Similarly, the near-bed Reynolds stresses increased up to 18%, 38% 893 

and 61% for the low, average and high pneumatophore densities, respectively, between the 894 

deepest and the shallowest canopy submergence. 895 

 896 

 897 

 898 
Figure 9 – Combined results of the flume experiments for all pneumatophore canopies. Spatially-averaged vertical profiles 899 

of (a) streamwise velocity, (b) turbulent kinetic energy, and (c) Reynolds stress, for all vegetation densities at 0.30 m water 900 

depth and the high flow rate (0.15 m/s). (d-f) Show the same as (a-c) for the greatest pneumatophore density and high flow 901 

rate (U = 0.15 m/s) at multiple water depths. Spatially-averaged vertical profiles of (gd) streamwise velocity scaled by the 902 

velocity at the top of the canopy, (he) turbulence intensity, and (if) friction velocity scaled by the velocity at the top of the 903 
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canopy, for all canopy densities (different colours as in a-c), at all water depths and at both flow rates. Dashed horizontal 904 

black lines indicate the average canopy height. Panels (b,c),e and f present the reliable turbulence observations from the 905 

sweet spots (solid symbols) and the noise-affected observations throughout the remainder of the observed profiles (grey 906 

dots; see text for details). Legend key: canopy types as in Table 1; h12/h21/h30 = 0.12/0.21/0.30 m water depth; U10/U15 = 907 

low/high flow rate comparing to a free-stream velocity of 0.10/0.15 m/s over the plane bed. 908 

 909 
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