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Abstract:

Mangrove forests and saltmarshes are recognized for their roles in wave and
current attenuation, although a comparison of in situ observations between
woody and herbaceous plants is needed in order to understand the different
mechanisms of bio-physical interaction within coastal wetlands. The aim of our
study was to compare the mechanisms of flow reduction and energy
dissipation by mangrove trees and saltmarsh grass in a subtropical area where
tidal currents dominate. Fieldwork was conducted to measure the
hydrodynamic processes occurring at the boundaries between a bare mudflat
and vegetated tidal flat, as the flow transitions from a bare mudflat to either
mangrove or saltmarsh. Synchronous ADV measurements at three sites
revealed that the mangrove was more effective than the saltmarsh grass at
flow reduction. In addition, a considerable rotation in flow direction was
observed as the flow entered the mangrove trees, while rotation was

considerably less pronounced within the saltmarsh edge. The mechanism for
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Earth Surface Processes and Landforms

this difference was explained through a combination of changes in drag force
and eddy viscosity over the two vegetation types. Although overall the
mangrove was observed to dissipate energy more effectively than the
saltmarsh, the relative efficiency of the vegetation at dissipating turbulent
energy was found to vary with the maximum water level of tidal cycle. When
the maximum water level remained below the mangrove canopy bottom
(‘bio-line’), the energy dissipation ability of the mangrove was relatively low, a
result of the presence of rigid, sparse trunks rather than denser saltmarsh
grass found near the bed; when the maximum water level was sufficiently high
to reach the mangrove canopy, the ability of the mangrove to dissipate energy

was significantly increased, becoming more effective than the saltmarsh grass.

Keywords: Mangrove; Saltmarsh; Hydrodynamics; Vegetation Drag

Introduction

Natural coastal wetlands are now widely recognized as potential buffers to
waves and tidal flows, in addition to their global importance in ecosystem
services (Perillo et al., 2009; Barbier et al., 2011; Moller, 2012; Moller et al.,
2014). Saltmarsh and mangrove are common coastal wetland types globally,
although the latter is restricted to tropical and subtropical regions. Generally,
saltmarsh is characterized by herbaceous vegetation and mangrove by

halophytic trees and shrubs (Mitsch and Gosselink, 2007). Both types of
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Earth Surface Processes and Landforms

habitats can be used as tools for coastal defence, by taking advantage of their
ability to reduce flow velocity, and to dissipate tidal and wave energy (Redfield,
1972; Gedan, 2001). Numerous studies have shown that saltmarsh grass
canopies (e.g., Spartina canopy) can significantly modify the velocity profile of
the water column to result in a reduction of the mean velocity (Shi, 1995;
Fonseca, 1996; Bouma et al., 2005; Neumeier, 2007). In some early work by
Leonard and Luther (1995) using hot-film anemometry, a mean flow speed
reduction from 9.2 cm s™ in open water, to 5.2 cm s'ina sparsely vegetated
area, and further to 2.8 cm s in a densly vegetated area was observed in a
Spartina alterniflora saltmarsh near Cedar Creek, Florida. Neumeier and
Ciavola (2004) described their observations of vertical velocity profiles in a
saltmarsh canopy using ADVs. At 15cm above the bed, the flow speed was
reduced from a maximum of 10 cm s™' over the bare mudflat to a magnitude
less than 2.5 cm s™ over an approximately 20 m wide area of Spartina anglica
saltmarsh. Besides those fine scale studies, observations at larger scales have
also revealed a decrease in flow velocity of up to one order of magnitude

between saltmarsh and mudflat (Bouma et al., 2005).

Meanwhile, mangrove trees have also been shown to alter flows due to the
presence of trunks and aerial roots (Wolanski et al., 1992; Furukawa et al.,
1997; Fischenich, 2000; Mazda et al., 2005; Mazda, 2009). Available field

measurements of flow variation through a main channel and into the mangrove
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Earth Surface Processes and Landforms

interior have been reported by Mazda et al. (2004) and Kobashi and Mazda
(2005), illustrating a reduction of flow speed from 10 cm s™' to only 3-4 cm s™
just 15 m from the mangrove edge, which was associated with a gradual

change in flow direction.

The attenuation of turbulent energy by vegetation is an important process
which has a significant influence on sediment transport, particle settling rates
and the subsequent sedimentation processes and rates (Thompson et al.,
2004; Neumeier and Amos, 2006; Neumeier, 2007; Zong and Nepf, 2010; Nepf,
2012; Ortiz et al., 2013; Moller et al., 2014). Compared with studies focused on
the reduction of flow speed caused by vegetation, only limited field
observations have been conducted to study turbulent energy attenuation within
vegetated tidal flats. For example, Leonard and Luther (1995) reported that
turbulence intensities on saltmarsh surface were as much as one order of
magnitude less than turbulence intensities determined for adjacent tidal creek
flows. Christiansen et al. (2000) observed a reduction of Turbulent Kinetic
Energy (TKE) by at least a factor of 5 associated with saltmarsh vegetation
adjacent to a creek bank. Further, because the aboveground biomass of
saltmarsh grass generally decreases with height, the denser part of the grass
canopy near the bed was more effective than the upper part at dissipating
turbulence, giving an additional 20-35% reduction (Luther and Leonard, 1995;

Neumeier and Amos, 2006). Due to the unique biophysiological characteristics
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of mangroves, such as their network of trunks and the aerial roots, the energy
dissipation caused by mangrove is very complicated, and associated with the
generation of eddies and wakes (Mazda et al., 1997; Massel et al., 1999;
Mazda, 2009). However, few field observations have focused on the
turbulence associated with biological properties, such mangrove roots, within
the interior of mangrove forests (Wolanski et al., 1992; Furukawa et al.,

1997). .

The mechanisms controlling flow velocity reduction and turbulence dissipation
by plants have been studied by a number of researchers. In general, both
mangrove trees and saltmarsh grass are responsible for enhancing bottom
friction, as the vegetation presents an obstacle to the flow (Furukawa et al.,
1997; Mazda et al., 1997; Nepf, 1999; Nepf, 2012), and the additional drag
exerted by the plants reduces the mean flow (Nepf, 1999). Meanwhile, the
vegetation converts mean kinetic energy to turbulent kinetic energy within stem
wakes, to increase turbulence intensity: because this wake turbulence is
generated at the stem scale, the dominant turbulent length scale is shifted
downward dissipating any turbulent energy with greater length scales (Nepf et
al., 1997; Nepf, 1999 and 2012). Consequently, the efficiency of either flow
reduction or turbulence dissipation depends on specific vegetation properties.
For saltmarsh grasses, the height, population density, stiffness and geometry

of stems and blades determine these effects (Luther and Leonard, 1995;
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Neumeier and Ciavola, 2004; Neumeier and Amos, 2006; Luhar et al., 2008;
Nepf, 2012; Ortiz et al., 2013). Meanwhile, mangrove has dense canopies,
together with rigid trunks and an aerial root network (Furukawa et al., 1997;
Mazda et al., 1997). The dense network of trunks, branches and above ground
roots of the mangrove causes much higher drag forces, and flows around
individual trunks and roots generate eddies and wakes at their own scales
(Furukawa et al., 1997; Quartel et al., 2007). Therefore, the ability of the
mangrove to retard flow and dissipate turbulence depends on the density of
the forest, the diameter of the roots and trunks and the submerged portion of

canopy (Massel et al., 1999; Mazda et al., 2005).

Understanding the ability of plants to protect shorelines allows us to evaluate
the cost of wetland change or degradation and the value of restoration (Gedan
et al., 2011). Coexistence of mangrove forests and saltmarshes occurs on
many tidal flats and this causes spatial competition. For example, in Australia,
a decline of saltmarsh was found as a result of the landward encroachment of
mangroves (Saintilan and Williams, 1999). The encroachment rate of the
mangrove was related to changes in sedimentation rates driven by
biohydrodynamic interaction (Rogers et al., 2006). On the contrary, in the
southeast coast of China, the rapid spread of the saltmarsh grass Spartina
alterniflora has been reported to affect the local mangroves (Lin, 2001; Zhang

et al., 2012). Studies of the population dynamics and competition between
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local mangrove and the exotic saltmarsh grass in this region have been carried
out (Zhang et al., 2012), but any link between the sediment dynamic process
and the expansion of the Spartina saltmarsh in this region has not yet been
examined. Therefore, there are strong grounds for a comparison of the
bio-hydrodynamic interaction of saltmarsh and mangrove forests against the

same physical background on the southeast coast of China.

In this paper, we aim to investigate and compare the influences of mangrove
trees and saltmarsh grass on tidal flat hydrodynamics. In particular, we attempt
to relate the mechanisms of flow mediation and energy dissipation by the two
types of vegetation to their biological characteristics. To achieve this goal,
synchronous measurements of hydrodynamic data were taken from three
adjacent locations dominated by tidal currents: a bare mudflat, a mangrove

edge and a saltmarsh edge.

Study Site

Yunxiao Mangrove National Natural Reserve, located within the turbidity
maximum zone of the Zhangjiang Estuary in the southeast China coast, was
selected for the field measurements (Figure 1). The runoff of the Zhangjiang
River carries a large amount of fresh water and sediment, with an
annually-averaged water discharge of 9.6x10® m*® and annually-averaged

suspended sediment concentration of 380 mg L. This suspended sediment
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concentration decreases to ~40mg L™ within the estuary and further to ~ 30 mg
L in Dongshan Bay (MICZTWR Office, 1990; Liu, 1991). The annual
precipitation in this region is 700 mm, 80% of which occurs in the wet season
(April to September). Being a mesotidal (mean tidal range = 2.3 m) estuary, the
Zhangjiang Estuary is dominated by irregular semi-diurnal tides and due to the
sheltered conditions in Dongshan Bay, the wave conditions are insignificant
outside of the typhoon seasons (Zheng et al., 2009). The resulting physical
conditions in the estuary favor the deposition of fine-grained sediments, which
form a wide range of tidal flats along the main channel. The site under
investigation is located at the apex of a channel meander, where a relatively
wide tidal flat develops with a slope of 2-3%.. The bed of this tidal flat is mainly
comprised of fine-grained clay and silt sediment with a medium grain size of

6-7 um.

The upper part of the flat is occupied by native mangrove species (K.obovata,
A. corniculatum, and A. marina), while the exotic Spartina alterniflora occupies
part of the mudflat in front of the mangrove forest (Zhang et al., 2012). The
mangrove trees at the front edge are normally shorter than those in the interior
of the forest, because of the difference in age. The high density Spartina
alterniflora formation usually reaches a maximum height of 1.5-2.0 m in
autumn, and is restricted to the upper part of the mudflat. The grass in the

lower part of the tidal flat was mowed regularly, due to intentional conservation
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efforts by the local management office to maintain a bare mud flat here (Zhang
et al., 2006). The site is well managed for mangrove habitat protection

purposes, and human activities are restricted to the lower part of the tidal flat.

A topographic map of the region is included in Figure 1, indicating a small
elevation change (<0.27%) in the NW-SE direction, consistent with the tidal
current axis. The elevation change between the measurement positions
themselves is 0.05 m. A small tidal creek system has developed within the
study area, which follows the main slope direction until it bifurcates. This
feature has very low relief: the main creek channel is less than 5 cm in depth;
the second order creek is only 1-2 cm in depth. Thus, this tidal creek system

has minimal influence on the hydrodynamics.

Method

Field observations were carried out in Spring to coincide with the wet season
and the start of the annual growing season. Measurements were undertaken
over a period from spring to middle tides to ensure water depths were sufficient

to cover the instrumentation.

Three locations (Figure 1) were selected for synchronous measurements: the
bare mudflat (Location A), close to the edge of the vegetated areas; the

mangrove edge (Location B); and the edge of a closed saltmarsh meadow
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(Location C). A wooden pier (Figure 1d) provided access for the deployment.
The pier was a raised platform that sits above the extreme high water level of
this region and as such it had minimal influence on flows. In addition, the
measurement locations were restricted to one side of this pier. The distance
between each location was approximately 35 m, with vegetation extending
approximately 10 m in the direction of the flood. Due to the limitations of
instrument availability, only three ADVs were used in this study, based on the
assumption that the flow over the bare mudflat was uniform throughout the
proximal mudflat area. As such, both the mangrove and saltmarsh locations
shared the same control point. Given the very small elevation changes over

this area, this is a reasonable assumption.

Three velocity components, X, Y, Z, corresponding to eastward, northward and
upward directions, were measured using a 3-D Acoustic Doppler Velocimeter
(ADV; Nortek Vector). The ADV sensors were vertically positioned at 20 cm
above the bed, with their measurement volumes 8 cm above the bed. The
instruments were programmed to collect data continuously at 16 Hz. A
compass was used to calibrate the direction of ADV sensors. Since ADV
sensors are sensitive to obstacles, Location B was carefully chosen to avoid
mangrove trunks, and a small plot beneath the ADV was cleared at Location C
to minimize any direct influence of grass on the probe. A time series of velocity

data was collected and the flow components were rotated horizontally to give
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U, V, W, where U is the main flow in the flood direction on the bare
mudflat, 7 is perpendicular to the main flow, and W is the upward
component. The dataset was divided into 5-minute intervals for further data
processing, assuming stationarity over this period. The phase-space
thresholding method developed by Goring and Nikora (2002) was adopted for
despiking noise before the calculation of mean and instantaneous velocities.
The TKE density was estimated using:

= p(U+V2+W7) (1)

TKE

density
Where, © is the fluid density; U', V' and W' are the instantaneous

velocities of three flow components

With regard to the relatively high position of the ADV pressure sensor, and the
low submergence duration, it was not feasible to collect water level data using
the ADV itself. An Optical Backscatter Sensor (OBS; manufactured by
Campbell Scientific) with included pressure sensor was set up 20 cm above
the bed at Location A, to collect a longer series of water level data at a rate of
one sample per 20 seconds. The data were processed to obtain averaged

values at the same time interval as the ADV data (5 minutes).

In addition, an RTK-GPS (Trimble-SPS881, =1 cm in vertical accuracy)
survey was undertaken to obtain bed form information and record the relative

elevations of the three ADV deployments for water level analysis. The RTK
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GPS survey showed that the bed elevations of Locations B and C were similar,
0.05 m higher than Location A. All of the water level data used in this study
refer to the elevation above the mudflat bed at Location A. The biological
properties of the vegetation, including trunk diameter, canopy properties and
vegetation density, were measured in situ. A 25 cm X 25 cm quadrate was used
to sample Spartina alterniflora stands and aboveground biomass were
measured by drying 5 plant samples collected randomly within the saltmarsh,

cut into 10 cm vertical sections.

Results:

1) Vegetation measurements

The front edge of the mangrove forest was made up of a mixture of K. obovata
and A. corniculatum, with a mostly (80-90 %) closed canopy. The mangrove
trees were found to be young and short, having colonized this spot for only a
few years. As such, a well developed aerial root system was not observed at
the front edge, and the influence of roots could be neglected in this case. The
trees had a mean height of 1.6m and the mean distance from the canopy to the
bed was 40 cm (Table 1), resulting in a partial emergence of the canopy during

the measurement period (Figure 2a).

Monotypic stands of dense Spartina alterniflora occurred at the seaward edge

of the mangrove, extending to widths of tens - to - one hundred meters (Figure

12
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1b). Only sparse patches of Spartina alterniflora could be found in the lower
part of the flat. The Spartina alterniflora at Location C showed a high shoot
density of 580 m2 and high aboveground biomass of 2.5 kg m?, even early in
the growing season (Table 1). More than 85% of the dry biomass was
concentrated on the bottom 40cm and consequently the upper part of the
canopy was less dense and more flexible. The canopy of the Spartina
alterniflora reached a mean height of 1.0 m during this season, and was never

fully submerged over the measurement period.

2) Water levels
The water level data throughout a spring to middle tidal cycle is shown in
Figure 2a, including the records of 9 tidal cycles. The relationship between the

water levels and vegetation characteristics is displayed in Figures 2b and 2c.

The mean water level was 0.43 m above the bed and the maximum water level
reached 0.76 m (Figure 2). The diurnal inequality is notable in this area; on
average, the maximum water level of nighttime tides was 0.3 m higher than the

daytime tides, resulting in 80% longer periods of submergence.

The maximum water level of daytime tides was 45 cm above the mudflat bed
(40 cm above the bed of the vegetated sites).This elevation is crucial for the

vegetation, as it coincides with the bottom of mangrove canopy and contains
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nearly 90% of the dry biomass of the saltmarsh grass. This elevation can be
regarded as the separation of the bio-hydrodynamic interaction, because it
decides the influence of mangrove canopy on the hydrodynamic processes
and the upper extent of the saltmarsh grass influence. For ease, the elevation
of 45 cm above the mudflat bed was therefore defined as the ‘bio-line’ in the

following text and graphs.

3) Flow variation through a spring to middle tidal cycle

Generally, the studied tidal flat was a low energy environment in the Spring,
with a maximum flow speed of less than 0.22 m s throughout the spring to
middle tidal cycle (Figure 3). Although the vertical flow component is
fundamental in terms of settling/resuspension processes, and a component of
the TKE measurements, this section will focuses on the horizontal flow

variation to demonstrate the bio-hydrodynamic processes.

Tidal currents at Location A (mudflat) flooded on a bearing of 305° and drained
on a bearing of 124°. The mean resultant horizontal flow speed was 0.1 m s™

(Figure 3, Table 2).

Both vegetation types significantly influenced the tidal currents in this area,
although a difference existed in both the magnitude and controlling

mechanisms between mangrove and saltmarsh plants. Comparing the flow
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speed data for all three locations, 50% and 40% reductions in mean flow
speeds were found for the mangrove and saltmarsh edges respectively, 10 m

from the vegetation boundaries in the flood direction.

For individual flow components, the reduction of the ¥ component was less in
the mangrove than in the saltmarsh edge, whilst the reduction in
U component (main flood direction) was greater than in the mangrove edge
than the saltmarsh edge (Table 2). The overall flow change caused by
mangrove trees indicated that the trees rotated the flow into a direction

perpendicular to the mangrove edge.

In fact, a substantial alteration in flow direction was observed within the
mangrove trees, during both the flood and ebb stages. A flow deviation of 48°
from the original direction was observed during floods and 30° during ebbs
(Figure 3, Table 2).The mediation in flow direction by saltmarsh vegetation on
the other hand appears limited (Figure 3 and Table 2), only deviating 15° at

flood stage and 4° at ebb stage.

4) Energy dissipation through a spring to middle tidal cycle
Figure 4 and the energy data displayed in Table 2 show the turbulent energy
dissipation at the mangrove and saltmarsh edges. Both mangrove trees and

saltmarsh grass had notable influences on turbulence dissipation. The mean

15
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TKE density dropped 92% in the mangrove edge and 86% in the saltmarsh
edge, thus, the mangrove edge was relatively better at dampening high

frequency energy over a spring to middle tidal cycle.

The TKE density showed a remarkable tidal asymmetry over the bare mudflat
site, being much greater during the flood than the ebb. This was due to the
turbulence of the currents being dissipated over the upper part of tidal flat
during the flood stage, driven by the presence of vegetation. By contrast, this
asymmetry was almost reversed at the vegetated sites. For most of the tidal
cycles, the TKE density from both the mangrove and saltmarsh sites showed
no clear dominance. The reason accounting for this change in tidal asymmetry
might be that most of the energy was dampened at the front edges of
vegetation and the vegetation in the upper part of the tidal flat only minimally
absorbed turbulent energy, as such, the tidal asymmetry tended to be no clear
dominance; secondly, during the ebb stage, as the flow passed the vegetation
area to the bare mudflat, additional shear was created as a result of the

change from a 'layered' to a single depth system.

Discussions
1) Mechanisms associated with flow reduction
The reduction of flow velocity within the vegetated mudflat is a function of drag

forces and/or changes to the eddy viscosity, as described by previous models
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(Mazda et al., 1997; Furukawa et al., 1997; Nepf, 1999; Koshiba and Mazda,
2005). Although field measurements of flow changes within mangrove forests
are very limited, both our results and previously published data imply a rotation
of the flow into the direction normal to the mangrove edge. To explain this
rotation, an attempt is made here to assess possible mechanisms using two
established models, one designed for the interior of a vegetated flat and the
other for the front edge (Mazda et al., 1997; Koshiba and Mazda, 2005). The
first model describes the drag force within a mangrove swamp interior close to
a tidal creek, based on a momentum balance analysis for each fluid mass unit
(Mazda et al., 1997, Equation 2, Figure 5a). In this model, the flow in the
swamp interior is normal to the creek edge (also the vegetation edge) and the

drag force (F,

rag,x

) caused by the vegetation is the main mechanism for flow

reduction.

ou  Ou og
—+u—=-g—=+F, 2
o o~ By T @)
where, u is the flow component normal to the vegetation edge, ¢ is time,

xis the distance into the swamp, g is acceleration due to gravity, ¢ is water
surface elevation. The drag force can be expressed in a form relevant to the
biological properties of the vegetation as:

I 1

drag,x = E

C,Au’ (3)
where C, is the drag coefficient and A4 is the total projected area of the
vegetation (obstacles) per unit volume. This model provides a quantitative

method of solving the drag coefficient when only the drag force is considered
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in terms of the impact of the vegetation.

The second model (Koshiba and Mazda, 2005, Figure 5a) deals with flow
reduction in an area proximal to a creek, where the flow runs predominantly
parallel to the channel. In this model, flow reduction is a function of both the

drag force and an eddy viscosity term, as described below:

2
@+v@+u@=—g%—&v|v|+fa—‘; 4)
o oy Ox oy Le Ox

where, v is the flow component parallel to the vegetation edge, y is the
distance parallel to the edge, Le is the effective length scale of the vegetation,
and 1 is the coefficient of the dynamic eddy viscosity. The second term in the
right side of Equation 5 represents the lateral drag force created by the
vegetation and the third term is the eddy viscosity, a function of turbulent

stresses within the flow.

In order to use the models, the measured flow components U and V were
rotated to obtain the components normal (« ) and parallel (v) to the vegetation
edge (see Figure 1b for this rotation). The flow rotation observed in our study is
best explained through a combination of both models. The flow reduction in the
direction normal to the vegetated edge (u) was similar to the scenario
described in the first model (Mazda et al., 1997), a result of the drag force

generated by the vegetation, while the flow reduction parallel to the edge was

18

http:/mc.manuscriptcentral.com/esp

Page 18 of 49



Page 19 of 49

O©oOoONOOPAWN =

397

398

399

400

401

402

403

404

405

406

407

408

409

410

411

412

413

414

415

416

417

418

Earth Surface Processes and Landforms

a function of both the drag force and changes to the eddy viscosity term as
described in the second model (Koshiba and Mazda, 2005), a result of

increased momentum fluxes within the flow.

To confirm these results, we undertook a further analysis of the two models to
link them to the bio-hydrodynamic processes. The relationships between u
and v components from all three sites are displayed in Figure 6. As the tidal
currents flowed from the mudflat to the mangrove and saltmarsh edges,
significant linear relationships could be found between the u components,
with high R-squared values (>0.9). However, for the v component, a linear
relationship occurred between the mudflat and the saltmarsh edge
(R-squared>0.9). A reduction of the v component occurred between the bare
mudflat and the mangrove edge, representing a near total reduction in velocity
(mean v decreases from 0.07 m s’ to 0.01 m s‘1). It appeared that the
saltmarsh grass reduced tidal currents in a linear way both in » and v
direction, but the mangrove trees resulted in a linear reduction in one direction

(u ), and a non-linear reduction in the other (v).

The reduction in the u component for both types of vegetation could easily be
explained by the added drag force generated by the vegetation as described
by Mazda et al. (1997), and indicated by the clear linear relationships between

the flow components of vegetated locations and the bare mudflat (Figure 5b,c).
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However, at the edge of mangrove forest, the v component exhibited a
notable non-linear reduction in comparison to flow on the bare mudflat (Fig 6).
The mechanism for this can be related to both the additional drag force, plus
the alteration of the eddy viscosity term as shown by Kobarshi and Mazda
(2005). The non-linear relationship between the v component of mangrove
and mudflat, together with the strong velocity gradient between the mudflat
and the mangrove in the direction of the v component, indicates that
momentum fluxes due to local energy production and dissipation by turbulent
eddies was more likely to be the primary mechanism accounting for the flow

reduction parallel to the mangrove edge (Figure 5b).

In order to compare the overall properties of the vegetation, the drag
coefficient imparted upon flows can be estimated. In this study, the tidal
currents flowed across a low gradient flat, leading to a minimal water surface
gradient between three sites. Thus, the first term in the right side of Equation 2
was eliminated. The first term in the left side was also neglected because of
the long wavelength of the tides. Combining Equations 2 and 3, we obtained a
formula to calculate the drag coefficient:

¢, =2 ()

" Au ox

Thus, the drag coefficient C,, 8 cm above the vegetated bed was estimated
and the term C,4 used to describes the bulk drag coefficient for vegetation

(Wang et al., 2004).In the saltmarsh, A (total projected area of vegetation)
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was estimated using biomass data and 90% vegetation coverage, based on
field observation. Below the mangrove canopy, the diameter (0.1 m) and
spacing (0.7 m), together with the varying water level, was used to estimate 4
for the mangrove trunks. Within the mangrove canopy, 80% closure was used,
along with the water level data, to estimate the total projected area of the

vegetation.

The drag coefficient C,, over a smooth mudflat surface was calculated based
on shear stress values estimated using the Reynold Stress and Quadratic
Stress Laws, been found to be similar at low velocities (Thompson et al.,
2003),using the equation below:
r. = —pu'v'=0.5pC,u*> (6)

Where 7 is the shear stress, u' and V' are the instantaneous velocities of
the normal flow component and the parallel flow component, the u is the
mean velocity normal to the edge at 8 cm above the bed and C, is the

‘apparent drag coefficient’ at the measurement height (Wang et al., 2004).

Estimates of C, for the three locations are listed in Table 2; within the
vegetation, it varied between 10™" to 10° as the water level changed, similar to
other observations and simulations (Mazda et al., 1997; Fischenich, 2000; Li et
al., 2012). The C,, estimated by this study showed a low mean value over the

mudflat, a moderate value at the saltmarsh edge and a high value at the
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mangrove edge (Table 2), demonstrating the ability of the vegetation to
enhance apparent bed roughness. The resistance to the flow presented by
mangroves is therefore greater than that of the saltmarsh grass, consistent

with the observed flow reduction in this direction (Table 2).

2) Application of refraction theory for vegetation induced flow rotation

Besides the models discussed above, another simple physical theory might be
able to explain the phenomena observed by this study. The interaction of water
waves with periodic structures, such as ripples and periodic cylinder arrays,
can lead to refraction (Hu and Chan, 2005). For water waves much longer than
the scale of obstacles, the analytic study by Hu and Chan (2005) found that a
periodic cylinder array system mounted on the bottom behaved as an effective
medium to generate refraction, based on photonic refraction theory. We adapt
this concept to provide a simple explanation for the rotation of flows close to
the vegetation boundary, to avoid the complexity of force and momentum
balance analyses. Vegetated flat beds can cause refraction as the tidal waves
propagating into them from the unvegetated tidal flat have very long
wavelengths in relation to the scale of the vegetation; it should be noted
however that the uneven distribution and structure of natural vegetation would
add a further level of complexity. For simplicity, Snell’s Law (Equation 7) can be
applied to examine the refraction caused by both the mangrove trees and

saltmarsh grass.
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sinf _ ¢, _n, 7)

sinf, ¢, n
Where 6, is the incident angle, 6, is the refractive angle, ¢ (=\/E=2.2 m
s in this study) and ¢, are the phase velocities of tidal waves in the bare
mudflat (1) and in the vegetated flat (2), and », and n, are the refractive

indices of the respective mediums (the refractive index of the mudflat » =1).

The general trend of the vegetation boundary along the coast (170°) was taken
as the interface for incidence and refraction, representing a change in medium.
The estimate of ¢, was calculated using the known values of 6,6, andc,,
which showed the tidal wave speed reduces from 2.2 m s™ in the bare mudflat
to 0.8 m s in the mangrove edge and to 1.8 m s™ in the saltmarsh edge. It
appears that mangrove trees (refractive index=2.8) were more refractive than
saltmarsh grass (refractive index=1.2). This refraction estimate, considers the
vegetation edge as a change in medium, producing a single impact on the
direction of the tidal wave, when, in reality, the phenomenon would be a
function of multiple refraction events as the waves passes multiple rows of
trunks, complicated by changes in trunk density and size. The results however,
represent an averaged condition, and highlight the differences in the impact of
woody and herbaceous vegetation types on the tidal wave. While further
theoretical investigation is needed, this simple method may be useful for future

coastal protection planning using vegetation, to predict the general flow
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rotation caused by different species.

3) Energy dissipation of two types of vegetation

For different vegetation species, the relative efficiency of the flow reduction by
turbulent energy dissipation is important from the perspective of coastal
engineering. As noted by previous researchers, the impact of vegetation on
hydrodynamics is associated with changes in the water level relative to
vegetation height, which determines the status of emergence or submergence.
In the field, Mazda et al. (2006) pointed out that wave energy reduction by
mangroves increased when the water level rose to the height of canopy.
Laboratory studies have also indicated the importance of the spatial structure
of vegetation in moderating the hydrodynamics (e.g., Luhar et al., 2008; Tanino
and Nepf, 2008; Ortiz et al., 2013). Laboratory studies have revealed the
differences in mean and turbulent flow, and mass transport between emergent
canopy and submerged canopy (Nepf, 2012). Mangrove forest is made up of
rigid trunks with large spacing at the lower part, which support dense and close
leaves and stems on the top. Saltmarsh grass has dense stems and leaves
concentrated at the lower part whilst the tips are more sparse and flexible than
the lower part. Therefore, an attempt was made to examine the relationship
between turbulent energy dissipation by vegetation dependent on the relative

water level.
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The maximum water level of each tidal cycle was plotted against the TKE
density for the bare mudflat (Figure 7a). A significant linear relationship was
observed indicating the dependency of TKE density on the water depth. TKE
density dissipation percentage was defined as the percentage ratio of
tidally-averaged TKE reduction by vegetation to the energy density of the
mudflat, indicating the effectiveness of the vegetation at damping turbulent
energy. Figure 7b illustrates the variations in energy dissipation with maximum
water level of each tide for the mangrove and saltmarsh grass, showing a
considerable difference between the vegetation types. When the maximum
water level was low, and below the bio-line, the saltmarsh grass showed a
higher TKE dissipation percentage than the mangrove; when the maximum
water level increased above the bio-line, mangrove was more effective in

dissipating the turbulent energy.

As previously mentioned, the bio-line marks the change from mangrove trunk
to mangrove canopy, as well as the change in density of the saltmarsh grass.
The mangrove displayed a linear increase in TKE dissipation percentage with
maximum water level, indicating that the canopy with leaves and stems was
better than the rigid trunks at suppressing turbulence. The integral length scale
of the turbulence for rigid vegetation has been found in laboratory studies to be
related to the stem diameter and spacing, regardless of the water depth

(Tanino and Nepf, 2008). Thus, as the water level rose to the dense canopy,

25

http:/mc.manuscriptcentral.com/esp



O©oOoONOOPAWN =

550

551

552

553

554

555

556

557

558

559

560

561

562

563

564

565

566

567

568

569

570

571

Earth Surface Processes and Landforms

and a greater portion of the high-density canopy is submerged, the mangrove

becomes more effective than the saltmarsh grass at dissipating turbulence.

Nepf (2012) summarized the bio-hydrodynamic interaction for both emergent
and submerged canopies. Emergent canopies, as described by Nepf (2012),
dissipate eddies with scales greater than the scales of the stem, determined by
their spacing and diameter, while contributing additional turbulent energy at
these stem scales. Thus, the dominant turbulent length scale within a canopy
was shifted downward compared with the non-vegetated flat. When the
maximum water level was below the bio-line, the saltmarsh grass showed a
higher TKE dissipation percentage than the mangrove, due to the high density

of grass stems and leaves.

Once the maximum water level reached 0.5 m, more than 90% of the
saltmarsh grass biomass was submerged to form a submerged canopy. As
described by Nepf (2012), the drag discontinuity at the top of the submerged
canopy generated a shear layer, the impact of which persisted a certain
distance to separate the canopy into two regions: energetic turbulent transport
in the upper canopy and diminished turbulent transport in the lower part. The
combination of these two layers determines the overall dissipation ability of the
canopy as a whole, which showed an overall decrease in dissipation

percentage, and scatter in the data with water level increased.
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Although the mangrove was found to be more effective overall than saltmarsh
grass at dissipating turbulent energy over a spring to middle tidal cycle (Table
2), their abilities varied with relative water level and the consequent status of
emergence/submergence. For mangrove, their trunks showed less TKE
dissipation than the grass, until the dense canopy of the mangrove contributes
to the turbulent process, where their dissipative ability exceeds that of the
grass. The ability of the saltmarsh grass itself to dissipate turbulence was also
associated with emergence/submergence, but was generally more effective
than mangrove only at low tides when it occupied a larger percentage of the
water column. Therefore, for coastal protection purpose, herbaceous plants
should be a better choice to protect coasts with small tidal ranges, whilst
woody plants could be more effective for large tidal range coasts or coasts with

significant waves.

Conclusions

In this contribution, we conducted a comparative investigation of the influence
of mangrove and saltmarsh on tidal flat hydrodynamics, through synchronous
field observations on a bare mudflat and within the boundaries of a mangrove
and a saltmarsh. The results highlight the similarities and differences between
woody and herbaceous plants in terms of their bio-hydrodynamic interactions,

including:
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Both mangrove trees and saltmarsh grass radically reduce flow speed, in
comparison with a bare mudflat. Within the edge of a mangrove stand, the
flow speed decreased by 50% in magnitude, greater than that observed in
the margins of the saltmarsh. A considerable flow rotation was observed in
the mangrove, whilst only a slight change occurred for flow direction in the
saltmarsh.

The difference between flow alterations in the two vegetation types could
be explained by the relative strength of the drag force and eddy viscosity
caused by the vegetation. In addition, a simple method based on refraction
theory was proposed to estimate the flow rotation differences between the
trees and grass.

The mangrove was more effective at dissipating turbulent energy than the
marsh, although both reduced the turbulent energy by over 86% compared
to the bare mudflat. The relative turbulent energy dissipation efficiency of
the two types of plants was related to the maximum water level of a tidal
cycle. A ‘bio-line’ was defined to mark the elevation of vegetation influence.
When the maximum water level was above this ‘bio-line’, the mangrove
was more effective than the saltmarsh grass in dissipating turbulence and
vice versa, due to the structural properties of the plants.

Regarding regional coastal protection, mangrove trees were found to be a
better choice than saltmarsh grass in terms of stabilizing the coasts in this

mesotidal estuary. The results indicated that a mangrove forest was likely
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to reduce flow energy effectively at relatively low elevations where the
water level is able to reach its canopy. Establishment of saltmarsh grass is
more suitable for a higher elevation where the dense part of grass could
effectively retard flow and turbulence. In addition, seasonality must be
considered in future research when comparing the bio-hydrodynamic
interaction of both mangrove and saltmarsh, because saltmarsh grass dies

back in winter, whilst the mangrove persists year round.
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Table 1. Vegetation measurements of mangrove trees and saltmarsh grasses.

Spartina Height (m) Coverage (%) Biomass (dry, kg m'z) Diameter (m)
1.0 90% 2.5 0.005

Mangrove | Height (m) | Canopy closure (%) | Canopy distance® (m) | Trunk diameter (m)
1.6 80% 0.4 0.1

*Canopy distance measures the distance from the canopy bottom to the bed
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Table 2. Inter-comparison of key parameters for mudflat, mangrove edge and
saltmarsh edge.

Mean Value
Classification Parameter Flat Mangrove Saltmarsh
(Location A) | (Location B) | (Location C)
Flow speed 0.10 0.05 0.06
Flow Magnitude
U component 0.10 0.03 0.05
(ms)
V component 0.01 0.03 0.01
Flow Direction Flood flow 305 257 290
) Ebb flow 124 94 120
TKE density (J m™) 0.84 0.07 0.12
Energy
Dissipation percentage - 92% 86%
Drag coefficient 0.04 0.35 0.16
Bulk Property
Tidal wave speed* (m sh 2.2 0.8 1.8

*Note: the tidal wave speed refers to the tidal wave propagation speed within various medium and

it is an indicator for refraction.
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47 Figure 1. Location map of Yunxiao National Nature Reserve.(a)the region map of Zhangjiang Estuary.
(b)vegetation distribution map and the locations of the ADV deployments; U and V indicate main flood
direction and perpendicular flow components on the mudflat; u and v are the flow components perpendicular
49 and parallel to vegetation boundaries after axis rotation. (c)topographic map of the studied area; elevation

50 data (in meters) refers to a local benchmark of 0 m; the blank area on the upper tidal flat was covered by
51 high mangrove trees with high canopy closure which blocked GPS signals. (d)aerial photography of the study
52 site, showing the three measurement locations: A-bare tidal flat, B- mangrove boundary, and C- saltmarsh
53 boundary.
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Figure 2. Water level variation and vegetation canopy characteristics: (a) water level variation throughout
the measurement period (9 tidal cycles); (b) Diurnal inequality during a typical spring tide day (1st May);
and (c) vertical distribution of saltmarsh canopy biomass and the bottom position of mangrove canopy which
is marked as ‘bio-line’. All of the elevation data are above the bed level of Location A (mud flat).
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(a) Flow velocity data for 9 tidal cycles
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component variation over a spring tidal cycle; and (c) V component (perpendicular to flood) variation over a
spring tidal cycle.
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and (c) flow variation over saltmarsh boundary and the mechanism.
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Figure 6. Relationship between flow components in mud flat, mangrove boundary and saltmarsh boundary:
(a) flow component normal to the boundaries; and (b) flow component parallel to the boundaries.
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Table 1. Vegetation measurements of mangrove trees and saltmarsh grass.
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Spartina Height (m) Coverage (%) Biomass (dry, kg m™) Diameter (m)
1.0 90% 2.5 0.005

Mangrove | Height (m) | Canopy closure (%) | Canopy distance* (m) | Trunk diameter (m)
1.6 80% 0.4 0.1

*Canopy distance measures the distance from the canopy bottom to the bed
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Table 2. Inter-comparison of key parameters for mudflat, mangrove edge and saltmarsh edge.

O©oOoONOOPAWN =

11 Mean Value

13 Classification Parameter Flat Mangrove Saltmarsh

15 (Location A) | (Location B) | (Location C)

17 Flow speed 0.10 0.05 0.06
18 Flow Magnitude
19 | U component 0.10 0.03 0.05
(ms™)

V component 0.01 0.03 0.01

Flow Direction Flood flow 305 257 290

24 ) Ebb flow 124 94 120

TKE density (J m™) 0.84 0.07 0.12

Energy
29 Dissipation percentage - 92% 86%

Drag coefficient 0.04 0.35 0.16

Bulk Property

Tidal wave speed* (m s'l) 2.2 0.8 1.8

34 *Note: the tidal wave speed refers to the tidal wave propagation speed within various medium and it is an indicator for refraction.
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