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A B S T R A C T   

A flume experiment was carried out to improve understanding of interactions between turbidity currents and 
aquatic vegetation canopies and their landscape-scale consequences. It focussed on comparing hydrodynamics 
and sediment deposition in continuous canopies with those in vegetation patches, and on the effects of varying 
water depth – both of which are previously unreported. The currents’ particulate load was characterised as a mix 
of fine and coarse fractions. Varying canopy frontal densities, a, and water depths, H, were used. Fifteen runs 
were carried out with the flume fully vegetated, and a further ten with shorter vegetation patches. In all runs, the 
currents evolved as expected through inertial, drag-dominated and viscous regimes. The positions at which 
transitions between the regimes occurred were measured and analysed. In the fully-vegetated runs, both tran-
sition positions varied linearly with aH for aH < 0.8, and were constant when aH > 0.8. We argue that the 
variation at lower values of aH is caused by non-canopy drag forces becoming non-negligible compared to the 
canopy drag. An equation is derived that models, as a function of a and H, the size a vegetation patch needs to be 
for its effect on turbidity currents to be the same as that of a continuous canopy. The sediment depositional flux 
rate for fine particles from the currents within the vegetation was greater than that for coarse particles, by a 
factor of 1.57. This suggests that bed sediment deposited within canopy patches by turbidity currents will be on 
average finer than that in gaps between patches, as has been found previously for currents and waves. Thus, this 
effect will contribute to the development of inter-tidal and shallow sub-tidal landscapes characterized by patches 
of dense vegetation and fine sediments, surrounded by bare regions with coarser sediments. Our results imply 
that the distances over which the phenomena we document occur in typical inter-tidal and shallow sub-tidal 
contexts are of the same order of magnitude as sizes of patches of saltmarsh plants and seagrasses. This in-
dicates that the reported patch length effects are highly relevant to understanding eco-hydrological interactions 
in these contexts.   

1. Introduction 

1.1. Biophysical interactions in aquatic plant canopies 

The effects of aquatic plant canopies on hydrodynamic, sedimentary 
and geomorphological processes have been studied in many contexts, 
including seagrass meadows (e.g. Agawin and Duarte, 2002; Folkard, 
2005; El Allaoui et al., 2016; Colomer et al., 2017); mangroves (e.g. 
Nardin et al., 2016; Gillis et al., 2019); saltmarshes (e.g. Adam, 2002; 
Schulze et al., 2019); in-stream and riparian river vegetation (e.g. Cotton 
et al., 2006; Curran and Hession, 2013; Gurnell, 2014; Licci et al., 2019; 

Lowe et al., 2010; Montakhab et al., 2012); and in more general or 
idealized studies (e.g. Nepf, 1999; Madsen et al., 2001; Zong and Nepf, 
2010; Liu and Nepf, 2015; Manners et al., 2015; Zhang et al., 2018). 
They have been found widely to act as ecosystem engineers (e.g. Ludwig 
et al., 2005; Nepf, 2012), modifying landscape evolution via biophysical 
interactions at multiple scales (Folkard, 2019). In addition, macrofauna 
living in submerged coastal environments, actively interact with plant 
canopies to the point of controlling resuspension, and therefore erod-
ibility and sediment distribution (Joensuu et al., 2018). Understanding 
these interactions and their consequences is therefore crucial for un-
derstanding the functioning of coasts, lakes and rivers. 
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In recent years, because of climate change and other anthropogenic 
stresses, aquatic plant canopies have become increasingly degraded, 
through either fragmentation (Adam, 2002; Tamburello et al., 2012) or 
reduction of the area they cover (Richardson et al., 2007; Colomer et al., 
2017; Dwirea et al., 2018; Serra et al., 2018; Xiu et al., 2019). For this 
reason, research into their biophysical interactions has recently focussed 
on fragmented and finite-sized canopies (Bouma et al., 2007; Zong and 
Nepf, 2010; El Allaoui et al., 2015, 2016; Zhang et al., 2018). 

Most studies of biophysical interactions of fragmented aquatic 
vegetation canopies have considered their interactions with uni- 
directional flows. In this context, one of the main ways in which vege-
tation canopies engineer their physical environment is through reducing 
bed erosion (Madsen et al., 2001) and increasing deposition of sediment 
(Agawin and Duarte, 2002; Montakhab et al., 2012; Zong and Nepf, 
2010). This triggers a positive feedback, as retention of fine sediment - 
which is rich in organic material and nutrients - by the vegetation pro-
motes the expansion of the vegetated region (Gurnell, 2014). A mini-
mum patch size and minimum stem density within a patch of vegetation 
is required for it to have the capability to engineer its physical envi-
ronment in this way (Licci et al., 2019), and to produce a positive 
feedback for the vegetation (Bouma et al., 2009). Deposition of sediment 
within vegetation canopies is dependent on the mean flow speed and the 
characteristics of the vegetation (Liu and Nepf 2015). Hence, as well as 
completely fragmented canopies having sediment dynamics that are 
dependent on their spatial structure, this is also the case in continuous 
canopies in which plant properties such as stem diameter, flexibility and 
density are spatially heterogeneous (e.g. Schulze et al., 2019). Thus, the 
hydrodynamics of heterogeneous canopies depend on variations of 
canopy characteristics at both the patch- and meadow-scale (Adhitya 
et al., 2014). 

The interactions of vegetation canopies and uni-directional flows 
may also produce negative feedbacks, for example when the enhance-
ment of flow speed adjacent to lateral patch edges produces scouring 
which inhibits plant growth and patch development (Schoelynck et al., 
2012; Bouma et al., 2013). Differences in patch diameter, inter-patch 
distances and plant densities have been found to produce differences 
in velocity flow structures around patches. For example, both the 
amount of flow acceleration around patches and the lateral distance 
from the patch to the point where maximum flow acceleration occurs 
increase with increasing patch size (Vandenbruwaene et al., 2011). 

The presence of scale-dependent feedbacks such as these create self- 
organised heterogeneity in landscapes and are key mechanisms 
responsible for shifts between unvegetated and vegetated landscape 
states (Bouma et al., 2009). They have important implications for 
ecosystem functioning, such as increased ecosystem productivity and 
increased resilience and resistance to environmental change (Rietkerk 
and van de Koppel, 2008). 

El Allaoui et al. (2015), El Allaoui et al. (2016) and Colomer et al. 
(2017) extended studies of hydrodynamic interactions with heteroge-
neous vegetation canopies in oscillating flows. As with the work cited 
above, they found that the spatial scale of variations (patch and gap size) 
and canopy characteristics (stem density) to be the most important 
factors determining wave transformations, levels of turbulent kinetic 
energy and therefore sediment dynamics. In particular, El Allaoui et al. 
(2015) and Colomer et al. (2017) studied the hydrodynamics in gaps 
aligned with the direction of the wave and found that the lateral vege-
tation altered the gap for distances below 1.5 hv (being hv the vegetation 
height). El Allaoui et al. (2016) studied the hydrodynamics in gaps sit-
uated perpendicular to the direction of the wave. They found a greater 
sheltering for gaps surrounded by denser canopies and for smaller gaps. 

To date, there has been little work on biophysical interactions be-
tween heterogeneous or fragmented vegetation canopies and a third 
hydrodynamic phenomenon (beyond the uni-directional currents and 
waves discussed above), namely gravity currents. In the context of 
considering canopies’ effects on sediment dynamics and thus the sort of 
feedbacks described, the most pertinent forms of gravity currents are 

those driven by suspended particle concentration, namely turbidity 
currents. Soler et al. (2017, 2020)) considered the interactions of 
turbidity currents with continuous, uniform vegetation canopies and the 
effects of varying turbidity current particulate concentration, canopy 
density and vegetation type, indicating that turbidity currents were able 
to retain sufficient sediment in suspension to maintain their flow until 
they became significantly influenced by the drag exerted by the obsta-
cles, Furthermore, they found that while turbidity current was flowing 
in the drag dominated regime, the deposited material became increas-
ingly dominated by fine sediment, at a rate dependent on the vegetation 
type, starting this transition at a distance equivalent to 5.1–7.6 times the 
total water depth; Barcelona et al. (2018) considered the interaction of 
turbidity currents with longitudinal patches, i.e. patches of vegetation 
aligned with the direction of the propagation of the turbidity current, in 
order to find the effect of longitudinal gap size on gravity current evo-
lution and on the sedimentary rates. Their studies indicated that a 
critical canopy volume lower than 0.025, was required to produce sig-
nificant changes in hydrodynamics and sedimentation rates. Here, we 
extend this work by investigating for the first time the effects of water 
depth on turbidity current-vegetation patch interactions, and the hy-
drodynamics and sediment deposition patterns of turbidity currents in 
finite-length transversal patches of vegetation, i.e. patches of vegetation 
oriented perpendicular to the direction of the turbidity current 
development. 

1.2. Gravity current hydrodynamics 

Gravity current hydrodynamics have been studied for many years 
both theoretically (Benjamin, 1968) and experimentally (Simpson, 
1982; Shin et al., 2004). The most common approach used in experi-
mental studies has been lock-exchange flume experiments, in which two 
fluids of different densities (usually generated by salt dissolution) are 
initially at rest in a flume and separated from each other by a lock gate. 
When the gate is removed, differences in the hydrostatic pressure cause 
the denser fluid to flow as a gravity current beneath the less-dense fluid, 
along the bottom boundary of the flume, forcing the less-dense fluid to 
flow in the opposite direction over the denser fluid. As the gravity cur-
rent flows along the flume, it passes through three regimes (e.g. Huppert 
and Simpson, 1980; Maxworthy et al., 2002), see Table 1. In the first – 
known as the ‘inertial regime’ – the current proceeds as if released from 
an infinite reservoir, and the position of the front of the current (here-
inafter referred to as the ‘current toe’, following Tanino et al., 2005), xc, 
varies in direct proportion to time, t, and depends on the reduced 
gravity, g’, and water depth, H (Tanino et al., 2005). When the lock gate 
is removed, it generates an interfacial wave that propagates in the 
opposite direction to the gravity current until it reflects off the back wall 
of the flume. This reflected wave then flows in the same direction as the 
gravity current and at the point it catches up with the current toe, the 
second regime begins. In this ‘self-similar regime’, the current motion is 
determined by a balance between buoyancy and inertial forces, and the 
flow slows over time such that the position of the toe varies as t2/3 

(Maxworthy et al. 2002). However, if the current is propagating through 
an array of obstacles (for example, simulated or natural vegetation), it 
evolves instead from the inertial regime to a ‘drag-dominated regime’ (e. 
g. Tanino et al., 2005; La Rocca et al., 2008; Zhang and Nepf, 2008, 
2011; Gonzalez-Juez et al., 2010; Nogueira et al., 2013, 2014; Bhaga-
nagar, 2014; Soler et al., 2017, 2020). Here, the gravity current is 
affected by the drag due to the obstacles, which dominates over both 
inertial forces and the drag forces caused by the flume bed and sidewalls. 
In this regime, the speed of the current toe reduces more than in the self- 
similar regime found in obstacle-free cases, varying from xc ∝ t2/3 to xc ∝ 
t1/2 (Hatcher et al., 2000). 

In order to quantify the drag forces due to an array of obstacles, it is 
necessary to calculate its drag coefficient, CDa. For randomly-distributed 
arrays of vertical cylinders (often used to simulate plant stems), Ghi-
salberti and Nepf (2004) found that 
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CDa = CD/1.16
{

1.16 − 9.31ad + 38.6(ad)2
− 59.8(ad)3 } (1) 

where a = Nd/A is the frontal area of the cylinders per unit volume 
(Nepf, 1999), N is the number of stems, d is stem diameter and A is the 
bed area over which the N stems are distributed. CD is the drag coeffi-
cient associated with the individual obstacles (which are assumed to be 
cylinders), and is a function of the cylinder Reynolds number Rec = ud/ν, 
where ν is the kinematic viscosity of the fluid, and u the speed of the 
current toe, such that CD = 1 + 10Rec

− 2/3 (White, 1991). This expression 
for CD applies for Rec values ranging from 1 to 105 and dimensionless 
array densities ad < 0.03 (Nepf, 1999). Note that this implies that the 
drag coefficient of a randomly-distributed array of obstacles in a flume 
will increase as a gravity current travels along the flume due to the 
reduction in the velocity of the gravity current. 

The third and last regime through which gravity currents pass is 
called the ‘viscous regime’ and occurs when the current has spread so far 
that it has become thin enough for viscous forces between the two fluids 
to become important and overcome the inertial forces. In this regime, 
the speed of the current toe reduces until its position varies as xc ~ t1/5. 

1.3. Turbidity currents 

Turbidity currents are gravity currents in which the density-varying 
agent is the concentration of particles in suspension. Their dynamics can 
be more complicated than those of gravity currents in which the density- 
varying agent is conservative on the timescale of the current’s devel-
opment, for example heat or salt concentration. This is because of 
sediment loss due to deposition and/or sediment entrainment due to bed 
scouring, which change the density difference that drives the current, 
altering its temporal evolution (Francisco et al., 2017). Bonnecaze et al. 
(1993) found that the position of the toe of a turbidity current of finite 
volume spreading over a rigid, unobstructed horizontal surface in 
shallow water, evolved following xc ∝ t2/3 (Table 1). The spatial and 
temporal evolution of turbidity currents is dependent on their grain-size 
distribution, that is, the ratio between the amounts of fine and coarse 
particle they carry (Felix 2002). Currents dominated by fine particles 
travel over larger distances, which results in sedimentation further 
downstream than in currents dominated by coarse particles (Harris 
et al., 2002). Moreover, the runout distance to which coarse particles are 
transported by turbidity currents increases substantially when the pro-
portion of fines in the turbidity current is increased (Gladstone et al., 
1998). 

In natural environments, turbidity currents are often observed 
travelling, or to have travelled, through arrays of obstacles. One 
example of this is turbidity currents flowing through aquatic vegetation 
canopies. In experiments investigating this configuration, Soler et al. 
(2017) found that the controlling factor in the temporal evolution of the 
current toe position was the canopy drag. They also compared their 
results to experiments studying a salinity-driven gravity current passing 
through an array of obstacles (Hatcher et al., 2000) and found that, 
although xc ∝ t1/2 in both cases, the effect of depositional loss of sedi-
ment particles from the turbidity current was a reduction of 70% in the 
constant of proportionality in this relationship. 

Coastal areas of aquatic vegetation, which are subject to ever- 
increasing anthropic pressures, have become heavily degraded, result-
ing in their fragmentation (Folkard, 2019), creating a mosaic of vege-
tation and bare soil areas. The presence of patches also produces wakes 
that can affect patches situated downstream (Folkard, 2005, 2019). 
Taking into account the engineering capability of vegetation, which 
modifies the hydrodynamics within its surroundings, it is expected that 
the patch length scale plays a critical role in the development of the 
turbidity currents within vegetation patches and downstream. 

As noted above, studies of turbidity currents’ interactions with ar-
rays of obstacles or vegetation canopies to date have focussed on cases 
where the array or canopy is continuous and uniform. Cases where the 
vegetation canopy is of finite extent have not previously been consid-
ered. This leaves open the questions of how the size of finite patches 
affects their influence on turbidity current hydrodynamics and sediment 
transport processes, and specifically how long vegetated patches need to 
be to provide dynamic effects equivalent to those of continuous vege-
tated canopies – the equivalent question to that addressed by Licci et al. 
(2019) for vegetation patches in uni-directional flows in rivers. These 
questions are addressed in the present study, by measuring the effects on 
current hydrodynamics and sediment deposition of vegetation patches 
that end at different points within the currents’ evolution through the 
three dynamic regimes described above, and comparing them to the 
effects of continuous vegetation canopies. 

2. Material and methods 

2.1. Experimental set-up 

The experiment was conducted in a methacrylate flume (4.0 m long, 
0.3 m high and 0.3 m wide) that was separated into two sections with a 
removable vertical lock gate (Fig. 1). The shorter reservoir section was 
filled with a mixture of sediment and water that would create the 
turbidity current, while the longer section was filled with water only. 
The longer experimental section was populated with vertical PVC 
dowels with a diameter of 6 mm to mimic emergent rigid vegetation like 
that found in many salt marshes as Juncus maritimus (Harvey et al., 2009; 
Leonard et al., 1995; Tanino et al., 2005). To construct the model can-
opy, a PVC base sheet was perforated at positions selected using a 
random number generator, following Pujol et al. (2013), and a single 
dowel secured in each hole. The density of vegetation canopies (real or 
simulated) can be quantified using various parameters. Commonly, solid 
plant fraction (SPF) is used. This is defined as the percentage of the bed 
area occupied by vegetation stems, SPF = 100nπ (d/2)2, where n is the 
number of stems per unit bed area and d the stem diameter (Pujol et al., 
2010). Here, runs were carried out with canopy density values from SPF 
= 1% (356 plants m− 2), to 4% (1424 plants m− 2), as well as a control run 
without plants (SPF = 0%). Canopy density is also quantified using a =
nd, the canopy frontal area per unit bed area (or simply “frontal area 
density”), or the dimensionless array density, ad (= SPF/25p). All these 
parameters, for each experimental run, are shown in Table 2. Note that 
the values of ad varied from 0.013 (SPF 1%) to 0.051 (SPF 4%), and all 

Table 1 
Summary of gravity current hydrodynamics, showing the time dependency of the position of the current toe, xc, depending on the density-varying agent and the 
existence or absence of obstacles.   

Density varying agent volume release Regime 

Inertial Self-similar Viscous 

Without obstacles conservative (heat, salinity) Infinite xc ~ t1 xc ~ t1/2 xc ~ t1/5 

Finite 
Not conservative (particles suspension) Finite xc ~ t2/3    

Inertial Drag-dominated Viscous 

With obstacles Conservative (heat, salinity) Finite xc ~ t1 xc ~ t1/2 xc ~ t1/5 

Not conservative (particles suspension) Finite xc ~ t1/2  
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Fig. 1. (A) Side view of the laboratory flume, which is divided by a removable, sealing partition (lock gate) into two sections. The smaller, left-hand, section is a 
reservoir for preparation of the turbidity current fluid. The right-hand section contains the simulated vegetation and is the experimental test section. The vertical 
coordinate is z, with z = 0 at the bed (increasing upwards); the longitudinal coordinate is x, with x = 0 at the lock gate (increasing to the right); (B) Side view of the 
laboratory flume when the turbidity current (shaded) is flowing through a vegetation patch of length Lpatch. The triangular grey area represents the interface profile of 
the gravity current in the drag-dominated regime; (C) Top view of the laboratory flume, with a vegetation patch in the test section, showing the locations of fourteen 
sediment traps (ST0 to ST13) on the flume bed. ST0 is 20 cm to the left of the lock gate, ST1 is 20 cm to the right of the lock gate, and each subsequent trap is a further 
20 cm to the right. The canopy is a randomly-distributed array of obstacles with solid plant fraction (SPF) values of 1.0, 2, 2.5, 3, 3.5 and 4%. 
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fall within the range observed in natural vegetation canopies with 0.01 
< ad < 0.1 (Bouma et al., 2007). 

2.2. Preparation of the turbidity current fluid 

The flume was filled with water to a height H the day before each run 
to allow the water temperature to equilibrate. The lock gate was then 
lowered into position, separating the two sections. To generate the 
turbidity current, 3L of water was taken from the reservoir section 
(Fig. 1) in which the mass of sediment needed to produce an initial 
concentration of C0 = 6 gL− 1 was added, throughout the whole of the 
reservoir. The turbidity current concentration corresponded to 0.21% by 
volume, falling within the range of 0.1% to 7% categorised as low 
particle concentration by volume by Meiburg and Kneller (2010). The 
sediment–water mixture was stirred vigorously for five minutes to 
ensure a homogeneous sediment suspension, and then returned to the 
reservoir section and mixed thoroughly. 

The sediment was taken from the Pletera ponds at the Empordà 
Marshes Natural Park in NE Spain, in order to provide natural sediment 
characteristics. The collected sediment was first cleaned, removing 
leaves and roots and then sieved to remove particles >0.5 mm. The 
particle size distribution of the remaining sediment was measured with a 
LISST-100 particle size analyser (Sequoia Scientific, Inc., Bellevue, WA, 
USA). It was found to have a bimodal size distribution (Fig. 2): 79.0% of 
the mass was made up of particles with diameters ranging from 6.2 to 
104 μm (coarse fraction), 17.9% was made up of particles with di-
ameters ranging from 2.2 to 6.2 μm (fine fraction). The coarse fraction 
fell into the category of weakly cohesive particles (fine to coarse silts and 
small sand particles) and the fine particles into the category of very 
cohesive particles (clays and very fine silts), according to the classifi-
cation of Van Rijn (2007) and Blott and Pye (2012). The remaining 3.1% 

of the sediment volume consisted of only a few particles with larger 
volumes, which quickly settled out of the turbidity currents and there-
fore were not considered in the analysis. 

2.3. Simulated vegetation patches and experimental run parameter values 

Twenty-five experimental runs, all with an initial concentration C0 =

6.0 gL− 1, were carried out, Parameter values for each run are shown in 
Table 2. Firstly, in addition to a control run with no vegetation (Run 1), 
fourteen runs (Runs 2–15) were carried out with the whole 280 cm 
length of the flume’s experimental section populated with simulated 
vegetation, so that the patch length, Lpatch, was in effect 280 cm. These 
were designed to investigate the influence of varying water depth and 
canopy density on the downstream distances at which the turbidity 
currents underwent the dynamic regime transitions described above, 
whilst they were within the vegetation canopy. Therefore, water depth 
and canopy density were varied from run to run, using values of H = 3, 6, 
9, 12 and 15 cm, and SPF = 1, 2, 2.5, 3, 3.5 and 4% respectively. Sub-
sequently, ten runs (Runs 16–25) were carried out in which the patches 
of simulated vegetation were shorter. In these, two water depths (H = 6 
and 12 cm) were used, and the canopy density was held constant at SPF 
= 4%. The shorter patch lengths were chosen such that they ended at 
different points in the dynamic evolution of the turbidity current in the 
run in which Lpatch = 280 cm, SPF = 4% and H = 12 cm (Run 7, Table 2), 
the maximum value of each parameter. Five different patch lengths were 
chosen: one which ended within the inertial regime; three ending within 
the drag-dominated regime; and one extending into the viscous regime. 

Thus, the experimental configuration was characterized by three 
parameters: the vegetation canopy length, Lpatch [m], the water depth, H 
[m], and the frontal area per unit volume, a [m− 1], which quantified the 
canopy density, with the turbidity current’s characteristics held con-
stant. From these, we constructed two non-dimensional parameters, 
which we used as the independent variables in our analyses: Lpatch/H, the 
aspect ratio of the vegetation canopy; and aH (=NdH/A), the canopy 
frontal area per unit bed area. The values of these for each run are shown 
in Table 2. The ranges over which runs are distributed are 5.8 ≤ Lpatch/H 
≤ 93.3 and 0.13 ≤ aH ≤ 1.27 (and the control case, for which Lpatch/H =
aH = 0). 

2.4. Development of the turbidity current 

Once the sediment–water mixture had settled in the reservoir section 

Table 2 
Summary of experimental conditions (water depth, H; vegetation density, 
expressed as SPF, a and ad; vegetation patch length, Lpatch) and non-dimensional 
parameter values (vegetation frontal area, aH; canopy aspect ratio, Lpatch/H) for 
each experimental run.  

Full vegetated experiments 

Exp. H (cm) SPF (%) Lpatch (cm) a (m− 1) aH ad 

1 12 0 0 0 0 0 
2  1 280 (Full) 2.13 0.26 0.013 
3  2  4.20 0.50 0.025 
4  2.5  5.27 0.63 0.032 
5  3  6.33 0.76 0.038 
6  3.5  7.40 0.89 0.044 
7  4  8.47 1.02 0.051 

8 15 4 280 (Full) 8.47 1.27 0.051 
9 9    0.76  
10 6    0.51  
11 3    0.25  

12 15 2 280 (Full) 4.20 0.63 0.025 
13 9    0.38  
14 6    0.25  
15 3    0.13   

Vegetated patchs experiments 

Exp. H 
(cm) 

SPF 
(%) 

Lpatch 
(cm) 

CD⋅a⋅Lpatch a 
(m− 1) 

aH ad 

16 6 4 116 14 8.47 0.51 0.051 
17   104 12    
18   92 10    
19   77 8    
20   60 6    

21 12 4 151 14 8.47 1.02 0.051 
22   132 12    
23   113 10    
24   92 8    
25   70 6     

Fig. 2. Particle size distribution of the turbidity current sediments, expressed in 
terms of mass per unit volume (gL− 1). The distribution is divided into fine (2.5 
μm < d < 6.2 μm) and coarse (6.2 μm < d < 104.0 μm) fractions. 
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of the flume, the lock gate was released, allowing it to flow as a turbidity 
current into the experimental section. In all runs, the initial (inertial 
regime) speed of the current toe was two to three orders of magnitude 
greater than the settling velocity of the coarse particles, and three to four 
orders of magnitude higher than settling velocities of the fine particles. 
Thus, the current was considered to be conservative in this stage of its 
evolution, i.e. the density anomaly driving the current remained 
constant. 

A moving CCD video camera was situated at the top of the flume 
(Fig. 1A) to determine the position and speed of the current toe. Its 
position, xc, was located on the video images using edge detection 
(parallax error was <3% and was not corrected for) and measured on a 
scale with 0.1 cm gradations mounted on the flume bed. In all runs, the 
obscuration of the line of sight by the dowels was not enough to affect 
the view of the current toe. The toe speed was calculated from the po-
sition and time data recorded on the video footage of its progression 
down the flume. Following previous studies (Tanino et al., 2005; Soler 
et al., 2020) we converted the toe position into the non-dimensional 
parameter CDaaxc, and used this in our analyses of the current’s hydro-
dynamic progression down the flume. This parameter is a measure of the 
drag force due to the vegetation normalized by the inertial force of the 
current at its toe. Hence, we refer to it hereafter as the ‘normalized toe 
drag’. 

In order to analyse the pattern of sediment deposition from the 
turbidity current, fourteen sediments traps (ST0 to ST13) were located 
along the flume bed. The first one (ST0) was located in the reservoir 
section, 20 cm upstream of the lock gate. The other thirteen (ST1-ST13) 
were evenly distributed along the flume bed at intervals of 20 cm, 
starting 20 cm to the right of the lock gate and finishing 10 cm from the 
far end of the flume. Each trap had a volume of 21.3 mL− 1 and was 
inserted into the PVC base without extruding above the flume bed, to 
avoid any interference with the passage of the turbidity current 
(Fig. 1B). 

When the turbidity current arrived at the end of the canopy, all the 
traps were covered manually with lids to avoid collection of sediment 
that settled out of the current after it had been reflected by the end wall. 
In order to avoid overestimation of the amount of sediment captured by 
the traps further upstream caused by the longer time of sedimentation, 
the effective time that each ST was collecting sediment was recorded in 
each run. The sediment collected in each trap was analysed with the 
LISST-100 (following Serra et al., 2002, 2005), which gave the volume 
occupied by particles in each of 32 size classes logarithmically distrib-
uted in the range 2.5–500 µm. Because the major sediment constituent in 
all the traps was silt particles (79%), the particle volume concentration 
(μL/L) was transformed into deposited sediment mass by assuming that 
the density of the particles was 2.798 gcm− 3, the standard value for silt 
particle density (Mandal and Maiti, 2015). No flocculation of fine 
sediment was observed, so its potential effects were not taken into ac-
count in this conversion. The deposited mass per unit bed area was then 
converted to a depositional flux at each sediment trap by dividing by the 
time over which the deposition occurred. This value was divided by the 
initial horizontal flux of sediment carried by the current as it emerged 
from the reservoir, giving a non-dimensional depositional flux rate, DF, 
for each trap. 

3. Results 

3.1. Turbidity current evolution within fully-vegetated canopies 

The temporal evolution of the current toe position, xc, in the fully- 
vegetated runs was dependent on the canopy density: in general, as 
the canopy increased, the toe speed reduced (Fig. 3). Initially in all runs 
(until approximately t = 30 s), the turbidity current was in the inertial 
regime, as xc varied linearly with time (i.e. the flow speed was constant). 
In the non-vegetated case (SPF = 0%), after the inertial regime, the flow 
slowed down, taking on a time dependence xc ∝ t2/3, while the 

deceleration was greater in the vegetated runs. The evolution of xc in 
Run 6 is shown in Fig. 4A as an example of transition from the inertial 
regime (xc ∝ t1) to the drag-dominated regime (xc ∝ t1/2) and finally to 
the viscous regime (xc ∝ t1/5). The positions at which these regime 
transitions occurred are referred to hereafter as xc = Lini (the position at 
which the current transitions from the inertial regime, and the drag- 
dominated regime is initiated) and xc = Lend (the position at which the 
drag-dominated regime ends and the viscous regime begins). 

The normalized toe drag was calculated for Lini and Lend in each of the 
fully-vegetated runs. Given that Lpatch/H was constant across these runs, 
the relationships of CDaaLini and CDaaLend to the other independent 
variable defined above, aH, were investigated, and plotted in Fig. 4B. 
Both varied linearly with aH for aH < 0.8, following 

CDaaLini = 7.13aH + 1.32 (2) 

(r2 = 0.87; n = 10; p < 0.001) and 

CDaaLend = 12.24aH + 3.92 (3) 

(r2 = 0.97; n = 10; p < 0.001), respectively. When aH > 0.8, both 
were constant at CDaaLini = 7.1 ± 0.2 and CDaaLend = 13.1 ± 0.2, 
respectively. 

3.2. Turbidity current evolution in finite-length vegetation patch runs 

As noted above, values of CDaaLini and CDaaLend from Run 7 were used 
to determine the lengths of the vegetation patches in the finite-length 
patch runs. In Run 7, aH = 1.02, so CDaaLini ≈ 7 and CDaaLend ≈ 13. 
Patch lengths were thus chosen for Runs 16–25 such that CDaaLpatch = 6, 
8, 10, 12 and 14, using each in one run with H = 12 cm and another with 
H = 6 cm (Table 2). The CDaaLpatch = 6 patch (Runs 20 and 25) ended in 
the inertial regime of Run 7; the CDaaLpatch = 8, 10 and 12 patches (Runs 
17–19 and 22–24) ended in the drag-dominated regime of Run 7; and 
the CDaaLpatch = 14 patch (Runs 16 and 21) ended in the viscous regime 
of Run 7. 

In qualitative terms, the evolution of the currents proceeded as ex-
pected. In Runs 16 and 21, both Lini and Lend occurred within the vege-
tation, so the current underwent its full evolution and reached the 
viscous regime within the vegetation, behaving as if in a continuous, 
infinite-length canopy (Fig. 5C). In runs 17–19 and 22–24, Lini occurred 
within the vegetation, but the current emerged from the patch in a drag- 
dominated state and subsequently transitioned to a viscous regime 
downstream of the patch, apparently without changing to a self-similar 
state (in which xc ∝ t2/3 would have been observed) despite the absence 
of vegetative drag (Fig. 5B). Here too, therefore, the current behaved as 

Fig. 3. Temporal evolution of the turbidity current toe for fully-vegetated runs 
carried out using different vegetation canopy densities and the non- 
vegetated case. 
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if in a fully-vegetated, continuous canopy, transitioning to a drag- 
dominated state rather than a self-similar state. In runs 20 and 25, the 
vegetation patch ended upstream of Lini, so the current was still in the 
inertial regime as it emerged from the patch and evolved as if it were 
flowing in a non-vegetated flume, passing through self-similar (xc ∝ t2/3) 
and viscous regimes (Fig. 5A). 

Quantitatively, and surprisingly, Lini had a consistent relationship 
with aH and Lpatch/H, regardless of whether the regime transitions 
occurred within the patch or downstream of it. This is shown in Fig. 6, in 
which data from both the fully-vegetated and finite patch runs all fall on 
a line with both axes in log form, that means there is a power law 
relationship given by 

Lini

H
= 3.721

[

(aH)
0.64

(
Lpatch

H

)− 0.30
]− 0.77

(4)  

3.3. Sediment deposition from turbidity currents in vegetation patches 

We focussed our analysis of sediment deposition on the drag- 

dominated regime of the currents’ evolution. DF values were selected 
from the sediment trap that was positioned closest to the middle of the 
drag-dominated region in each run. These were taken to be represen-
tative of the sediment deposition across the whole drag-dominated 
regime and, because that regime occurred in between the inertial and 
viscous regimes, to be also representative of the sediment deposition 
from the turbidity current as a whole. As for the hydrodynamic data, the 
DF values were analysed in relation to aH and Lpatch/H. The results of this 
analysis are shown in Fig. 7, in the form of plots of DF/aH against Lpatch/ 
H. Across all runs, for both fine and coarse particles, DF/aH was 
approximately constant when Lpatch/H < 20 ± 2, and increased with 

Fig. 4. (A) Plot of the temporal evolution of the turbidity current toe for Run 6 
(H = 12 cm, SPF = 3.5%). The three hydrodynamic regimes can be distin-
guished by their different slopes: 1 for the inertial regime, 1/2 for the drag- 
dominated regime and 1/5 for the viscous regime. The transition zones be-
tween these regimes are indicated by grey zones. (B) Plot of normalised toe 
drag, CDaaxc, versus the non-dimensional frontal canopy area, aH, showing 
values at which the drag-dominated regime begins (CDaaLini) and ends (CDaa-
Lend). Data are from Runs 2–7 (H = 12 cm, SPF = 1 to 4%) (circles), and from 
Runs 8–11 (SPF = 4%, H = 3, 6, 9, 12 and 15 cm) (squares). Dashed lines 
represent the linear best fit of the data. The grey area indicates the drag- 
dominated regime. 

Fig. 5. Plot of the temporal evolution of the current toe position, xc, for 
vegetation patches with a water height H = 6 cm, SPF = 4% and a patch length 
Lpatch of (A) 60 cm (10H); (B) 92 cm (15.3H, black circles) and (C) 116 cm 
(19.3H, white circles). The inertial regime ends downstream of the patch in (A), 
but within it in cases shown in (B) and (C). The three hydrodynamic regimes 
that the current passes through in each case are shown. Note that in (A) the 
inertial regime transitions to a self-similar regime (xc ∝ t2/3), whereas in (B) and 
(C) it transitions to a drag-dominated regime (xc ∝ t1/2). 
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increasing Lpatch/H, following a power law relationship, above this 
threshold value (Fig. 7). 

The behaviour of DF differed for coarse and fine particle fractions. 
For Lpatch/H < 20 ± 2, 

DFfine = 0.758aH (5) 

(n = 24, 95% confidence interval [0.631, 0.885]) for fine sediment 
and 

DFcoarse = 0.475aH (6) 

(n = 23, 95% confidence interval [0.359, 0.592]) for coarse sedi-
ment. This implies a fine-to-coarse flux ratio, DFfine/DFcoarse, of 0.767/ 
0.489 = 1.60. For Lpatch/H > 20 ± 2, the value of DF/aH increases with 
increasing patch length for both fine and coarse fractions, i.e. the rate of 
deposition was greater in these longer patches than it would have been 
in shorter patches of the same density. But the rate of fine particle 
deposition continued to be greater than that of coarse particle deposi-
tion. This difference reduced towards unity as patch length increased, 
but only slowly, such that when Lpatch/H = 88.5 (the maximum value 
used here), it was approximately 1.34. 

4. Discussion 

4.1. Agreement with previous studies 

The time evolution of turbidity currents flowing through different 
distributions of vegetation were studied. In the non-vegetated control 
case (Run 1), the particles settling out of the current caused a reduction 
of its density anomaly as it progressed forward, causing a reduction of 
the current toe speed. Thus, after the initial inertial regime (xc ∝ t1), the 
position of the current toe followed the time dependence, xc ∞ t2/3, 
found by Bonnecaze et al. (1993) for the same flow configuration. In the 
runs in which the turbidity current flowed through continuous vegeta-
tion, for all vegetation density and water height combinations tested, the 
pattern of evolution of the current dynamics was found to be in 

agreement with previous studies (Hatcher et al., 2000; Tanino et al., 
2005; Zhang and Nepf, 2008). That is, the turbidity current developed 
initially in the inertial regime, as in the non-vegetated case, but soon 
transitioned to a drag-dominated regime, where it was further slowed by 
the vegetation drag, so that the position of the current toe followed xc ∝ 
t1/2, and subsequently reached a viscous regime where xc ∝ t1/5. Soler 
et al. (2020) found that turbidity currents in Arthrocnemum fruticosum 
(semi rigid) and  Ruppia maritima (flexible) vegetation beds behave like 
in beds covered by rigid stems of PVC. Therefore, the results here found, 
are expected to apply in the development of turbidity currents through 
real patches of vegetation. The flexibility of vegetation did not 

Fig. 6. Plot of the current toe position at which the drag-dominated regime 
begins, Lini, non-dimensionalized by water height H, against the function of aH 
and Lpatch/H shown in Eq. (3). Data from all experimental runs using both fully- 
vegetated (black circles) and vegetation patch (white circles) configurations are 
shown. The dashed line illustrates the power best fit (~A⋅xB) of the data with A 
= 3.72; B = − 0.77, r2 = 0.95; n = 23; p≪0.01. 

Fig. 7. Ratio of the non-dimensional depositional sediment flux, DF, to the 
canopy frontal area aH at sediments traps located near the centre of the drag- 
dominated regime for each run, plotted against the canopy aspect ratio, 
Lpatch/H for (A) fine particles and (B) coarse particles. The plots are divided into 
two zones denoting the difference in behaviour that depends on whether Lpatch/ 
H is greater or<20 ± 2. The lines illustrate the linear best fits of the data with 
the right hand sections of each one having: (a) m = 0.039, r2 = 0.80, n = 28, 
p≪0.01; and (b) m = 0.022, r2 = 0.83, n = 31, p≪0.01. Data shown for all runs: 
fully-vegetated runs with canopy frontal areas, aH, smaller than 0.8 (black 
circles) and>0.8 (black triangles), and vegetation patch runs with canopy 
frontal areas smaller than 0.8 (white circles) and>0.08 (white triangles). 
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determine the fate of gravity currents within vegetation, rather the 
frontal plant obstruction provided by the vegetation. Furthermore, less 
dense turbidity currents (Co = 1 g⋅L− 1 and Co = 3 g⋅L− 1) would not give 
different results either (Soler et al., 2020). 

4.2. Effects of water depth on regime transition positions 

Unlike previous studies (Soler et al., 2017, 2020), the experiment 
reported here investigated the effect on turbidity currents of varying 
water depth as well as canopy density. This revealed that there is a 
threshold value of the non-dimensional parameter aH, above which the 
non-dimensionalized positions at which turbidity currents transition 
from being inertially-dominated to drag-dominated (CDaaLini), and 
subsequently from being drag-dominated to dominated by viscous forces 
(CDaaLend), are constant. This threshold value was found to be aH = 0.8, 
above which CDaaLini = 7.1 ± 0.2, and CDaaLend = 13.1 ± 0.2. The former 
agrees with Tanino et al. (2005) and Soler et al. (2020), who found that 
CDaaLini ≈7 remained the case up to aH = 2.3, compared to a maximum 
value of 1.27 in this study. When aH < 0.8, both CDaaLini and CDaaLend 
decreased linearly with decreasing aH. This is consistent with an 
explanation that considers the relative influence of drag forces due to the 
canopy elements compared to other drag forces, including those due to 
bed shear stress and interfacial stresses between the turbidity current 
and its overflowing counter current. Note, first, that small values of aH 
imply vegetation canopies that are either sparse or in shallow water, or 
both. In shallow water, sparse canopy cases, the drag forces not due to 
the canopy will have relatively significant influence, meaning that drag 
forces are greater than predicted by models that only consider the 
canopy drag (such as that formulated by Tanino et al., 2005, who 
originally devised the normalised toe drag parameter) and therefore 
regime transitions will happen earlier than predicted by those models, as 
found here. If either canopy density or water depth are increased, the 
non-canopy drag forces become less significant, so the canopy drag- 
based model fits the data better. Our findings, as illustrated in Fig. 4B, 
suggest that this effect is manifested in the change of relationship at aH 
= 0.8 shown. 

4.3. Patch length vs. Regime transition distances 

From the empirical relationship found in these data between Lini/H, 
aH and Lpatch/H (Equation (4)), setting Lini ≤ Lpatch gives 

Lpatch ≥ 5.51a− 0.636H0.364 (7) 

This inequality gives the patch lengths for which the transition to the 
drag-dominated regime will occur within a vegetated patch, and thus 
the patch length required to have the same effect on the position of 
turbidity currents’ transition to the drag-dominated regime as a 
continuous vegetation canopy. From (7), this patch length is only 
weakly dependent on H and close to being directly proportional to the 
reciprocal of a. If Lpatch is shorter than this threshold, the current will 
emerge from the patch still in its inertial regime and therefore transition 
to a self-similar regime rather than a drag-dominated one. 

Thus, the results presented here corroborate previous findings that 
denser canopies cause turbidity currents to transition earlier into the 
drag-dominated regime (Barcelona et al., 2018). If the vegetated patch is 
denser (increased a), the turbidity current experiences higher vegetative 
drag and consequently a smaller patch length is required to cause this 
transition. To give some indications of the threshold patch length scales 
that our results imply, sparse patches (say, a = 2 m− 1) developing in 
shallow water, with a characteristic depth of, say, 10 cm, need to be at 
least 1.54 m in length to cause turbidity currents to transition to a 
drag-dominated state in the same way as a continuous canopy would, 
while in denser patches (say, a = 10 m− 1) in the same water depth, a 
patch length of 0.55 m would be enough for this to occur. In deeper 
water (say, H = 1 m), the same sparse patches would need to have a 

length of 3.54 m to cause the transition at the same point as a continuous 
canopy, while in the same denser patches the required length would be 
1.26 m. For exemplar, common saltmarsh species Arthrocnemum fruti-
cosum (glasswort) and Juncus maritimus (sea rush), for which canopy 
densities of a = 3.64 m− 1 and 4.69 m− 1 have been reported respectively 
(Soler et al., 2020), in water of 0.5 m depth, the threshold patch lengths 
would be 1.88 m and 1.60 m, respectively. These patch lengths are all of 
the same order of magnitude as the typical size of patches of vegetation 
found in salt marsh pioneer zones and seagrasses. 

4.4. Sedimentation patterns from turbidity currents in degraded 
vegetation canopies 

Soler et al. (2020) found that, when turbidity currents flow through 
fully vegetated canopies, coarse particles initially settle faster than fine 
particles, leaving the finer particles to be dominant in the material 
deposited in canopy interiors, thus ‘muddifying’ them. In agreement 
with this, here we find the rate of fine particle deposition is higher than 
the rate of coarse particle deposition once the current has entered 
significantly into the vegetation and transitioned to a drag-dominated 
state (Fig. 7). At patch lengths such that Lpatch/H < 20 ± 2, the ratio 
of fine to coarse deposition rates is constant with respect to Lpatch/H at 
DFfine = 1.60DFcoarse. Above this threshold, the ratio changes, but only 
slightly. Keeping in mind that the distribution of patches is often 
affected by geology and topography, these fine sediments, which are 
often enriched in nutrients (Vandenbruwaene et al., 2011) will result in 
a positive feed-back, as evidenced by previous observations. For 
example, Di Carlo et al. (2005) found that in shallow, well-lit waters, 
seagrass establishment was densest in nutrient-rich sediments zones and 
Nardin et al. (2016) found mangroves in Mekong delta expanded as 
continuous coverage in areas of high sediment availability, but as sparse 
patches in areas of low sediment supply. Thus, this process will favour a 
shaping of the landscape-scale canopy structure into patches growing on 
relatively nutrient-rich, fine sediment, separated by gaps with relatively 
coarse, nutrient-poor sediment. This is redolent of the structure 
observed in, for example, chalk streams occupied by patches of Ranun-
culus (Cotton et al., 2006), where the flow carrying the sediment is 
driven by the component of gravity forcing it down the longitudinal 
slope of the stream channel, rather than the buoyancy forces driving the 
turbidity currents studied here. 

Studies on the role of patch size in the ecosystem engineering ca-
pacity of submerged plants have also found that patch size affects pat-
terns of sedimentation within them. Schoelynck et al. (2012) used mimic 
and transplantation experiments in a small river to show that the longer 
patches were, the more effectively they slowed the current, enhancing 
sedimentation. Licci et al. (2019) showed that there is a threshold length 
that river vegetation patches need to attain in order to induce modifi-
cations to flow and sedimentation patterns, and that this threshold value 
differs depending on environmental conditions such as flow velocity. At 
low velocity sites (0.13 ± 0.01 ms− 1), they found that a patch with a 
length >0.3 m modified the flow, while at high velocity sites (0.20 ±
0.01 ms− 1), the threshold patch length was 0.9 m. They also found fine 
sediment accumulation within patches was dependent on the velocity of 
the ambient flow field, which coincides with results of Barcelona et al. 
(2018). In longitudinal patches the threshold value for having the hy-
drodynamics and sedimentation affected by fragmentation is related to 
the fractional volume occupied by vegetation which has to be higher 
than 0.025 (Barcelona et al., 2018). Licci et al. (2019) results contrast 
with laboratory flume experiments carried out by Tinoco and Coco 
(2014) who studied the effect of emergent vegetation on sediment 
resuspension under uni-directional currents and waves showing that 
denser vegetated patches, even at low speeds (their lowest speed value 
was of 8 cm/s), generated turbulence that provoked sediment scour and 
suspension. In our experiments, the turbidity currents developed frontal 
velocities with maximum values of 5 cm/s in high density vegetated 
canopies, for which Re<200 (the threshold value required for vortices to 
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shed from the dowel (Nepf et al., 1997)) which corroborates Licci et al. 
(2019) relationship between sediment patterns and patch length, as 
deposited sediment increased as the length of the patches increased, and 
extends it to turbidity currents as well as the river flow studied by 
Schoelynck et al. (2012) and Licci et al. (2019). Our experiments also 
support the theory that normalized depositional flux rates of sediment 
are greater in dense patches than in sparse ones, regardless of particle 
size. Zhang et al. (2020) also found, in field studies in the floodplain of 
Dongting Lake (China), that the presence of vegetation was more 
beneficial to the deposition of suspended sediment within vegetation, 
where the reduction of mean velocity and TKE compared with bare bed 
resulted in a decrease of 30–50% of suspended sediment concentration, 
and an increase as high as 190% in sediment deposition compared to 
bare beds at the same region. In the context of turbidity currents, a 
threshold value has been found, such that for patches smaller than 20 ±
2 times the water depth, dependency with patch length disappears and 
sediment deposition rates depend only on the vegetation density. 

5. Conclusions 

Laboratory flume experiments have been reported which, for the first 
time, investigate (a) the effects of varying water depth on the passage of 
turbidity currents through continuous arrays of obstacles; and (b) the 
effects of finite-length arrays of obstacles on the hydrodynamics and 
patterns of sediment deposition of turbidity currents, compared to those 
of continuous, quasi-infinite obstacle arrays. Our interest lies primarily 
in contexts where the obstacle arrays are aquatic vegetation canopies, 
but they can equally be taken to simulate other natural or built phe-
nomena. The patch lengths studied were of the same order of magnitude 
as the length scales over which the turbidity currents develop and decay, 
allowing the influence of patches on these processes to be elucidated. We 
varied patch length, canopy density and water height, but did not vary 
either the initial sediment concentration of the turbidity current fluid, or 
the physical properties of the material used to simulate the canopy 
vegetation, so the reported findings do not speak to the possible effects 
of these last two factors. 

We found that the influence of the vegetation patches on turbidity 
currents is parameterised by two non-dimensional variables: the can-
opy’s frontal area density, aH, and the patch’s aspect ratio with respect 
to the water depth, Lpatch/H. We found strong relationships between 
these two parameters and (i) the downstream distances at which the 
currents transition from an inertial regime to a drag-dominated regime; 
and (ii) the rate of depositional sediment flux from the current to the 
bed, and the ratio of values of this flux for fine and coarse sediment 
fractions. The transition distances, normalized by water depth, are 
found to follow a power law relationship with aH and Lpatch/H, which is 
independent of the dynamical state of the current at the point where it 
emerges from the patch. The depositional flux rates for fine and coarse 
sediment fractions, normalised by the canopy density, DF/aH, are both 
found to be constant for Lpatch/H < 20 ± 2, with the value for fine 
sediment greater than that for coarse sediment by a factor of 1.60. For 
Lpatch/H > 20 ± 2, the value of DF/aH increases with Lpatch/H, i.e. the 
rate of deposition is greater for any given canopy density than it would 
be in patches shorter than 20 ± 2H. If we consider vegetation canopy 
density values typically found in nature and typical shallow water 
depths of order 0.1–1 m, the patch sizes at which these thresholds in 
influence occur are of the order of tens of centimetres to a few metres, 
which are typical sizes of vegetation patches found in many freshwater 
and coastal marine contexts. Thus, the results presented here are highly 
relevant to understanding the interactions of turbidity currents with 
vegetation in natural environments, and in turn to obtain insights into 
vegetation–flow–sediment interactions which are crucial for river and 
wetland management and ecological restoration. 
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