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A B S T R A C T

This paper examines the role of mangrove pneumatophore roots as a spatial control over the turbulent kinetic
energy (TKE) dissipation rate within a natural mangrove forest. Measurements of turbulence at millimeter
scales were compared with vegetation geometries reconstructed using a novel photogrammetric technique.
These small-scale relationships were then averaged to show larger-scale patterns in turbulence across the
mudflat and mangrove fringe-forest transition. Although turbulence estimates varied with across-shore
position, TKE dissipation was always elevated in the fringe relative to mudflat and forest interior sample sites.
The largest dissipation rates (4.5 × 10−3 W kg−1) were measured as breaking waves propagated over canopies in
very shallow water. Dissipation was reduced, but often remained intense (10−5–10−4 W kg−1) under non-
breaking waves at the fringe, likely indicating turbulent generation in pneumatophore wakes. Pneumatophore
density was positively correlated with the spatial distribution of TKE dissipation. Turbulence was also correlated
positively with wave height and negatively with water depth. Fringe sediments were more sandy and less muddy
than sediments onshore and offshore, suggesting that the intense turbulence may lead to winnowing of fine-
grained sediments at the fringe.

1. Introduction

Mangrove forests are characterized by high biological produc-
tivity, and are known to provide a variety of valuable ecosystem
services. Growing in intertidal regions, mangroves’ aerial root
structures dissipate the energy of waves and currents, fostering
an environment that is suitable for their proliferation (Furukawa
et al., 1997; Thampanya et al., 2002). In coastal and riverine zones,
mangroves can lead to substrate stabilization (McKee and
McGinnis, 2002), wave attenuation (Mazda et al., 2006;
Horstman et al., 2012, 2013), and the aggradation of sediments
to form new landmass (Krauss et al., 2003). Although limited in
their global extent, mangrove forests are regions of rapid carbon
burial (Duarte et al., 2005). Many mangrove stands are in decline,
with a total worldwide coverage reduced from 18.8 × 106 ha in 1980
(FAO, 2007) to about 13.8 × 106 ha in 2010 (Giri et al., 2011). In
many regions, rehabilitation efforts are being undertaken to restore
critically affected mangrove forests (Alongi, 2002). Informed plan-
ning of such projects requires an understanding of the hydrody-
namics that influence forest growth.

Over large spatial scales (tens to hundreds of meters), flow patterns
have been examined around mangrove creeks, rivers and in the
nearshore (see: Wolanski et al., 1980; Furukawa et al., 1997; Aucan
and Ridd, 2000; Horstman et al., 2013). Several studies have quantified
the spatially averaged drag force within mangroves, and bulk parame-
terizations for drag have been developed (Wolanski et al., 1980; Mazda
et al., 1997, 2005; Vo-Luong and Massel, 2008; Suzuki et al., 2012). At
smaller scales, Furukawa and Wolanski (1996) observed large turbulent
fluctuations in water velocity near the prop roots of Rhizophora
mangroves, but did not quantify the dissipation of turbulence. Instead,
simplified numerical models were used (Furukawa et al., 1997) to
simulate flow around the roots to explain their observed sedimentation
patterns. Much of the present process-based understanding of the small-
scale hydrodynamics of vegetated regions comes from flume and
numerical studies. However, the extension of this understanding is
complicated by the challenge of effectively recreating the geometry and
spatial distribution of natural vegetation in the laboratory. The geo-
metric properties and distribution of vegetation are an important factor
controlling the development of vegetation-induced turbulent features
(Bouma et al., 2007; Nepf, 2012). These turbulent features, in turn,
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influence the larger-scale flow patterns that have been observed by
previous authors. Although formulations to parameterize vegetated flow
and wave interaction have been developed, these have not yet been
tested in natural mangrove vegetation.

Many published field studies on the hydrodynamic effects of
vegetation density focus on saltmarsh species such as Spartina spp.
Generally, these experiments demonstrated a negative correlation
between vegetation density and canopy flow, and hence turbulence
(e.g., Leonard and Luther, 1995; Leonard and Croft, 2006). Stands
of cordgrass may vary in stem density (N) from 150 stems m−2 to >
1800 stems m−2 (Leonard and Luther, 1995; Lightbody and Nepf,
2006; Widdows et al., 2008). The frontal area blocking the flow (a)
varies from 1 to 7 m−1 and the fraction (ϕ) of canopy volume
occupied by solid stems varies from 10−3 to 10−2 (these parameters
are discussed further in Section 2 below). Mangrove root morphol-
ogies vary between species, resulting in a wide range of recorded
root densities. For Sonneratia mangrove pneumatophores, N
ranges from zero to 150 stems m−2, with basal diameters often
between one and two centimeters. Corresponding a and ϕ values
often reach 1-m−1 and 0.01 respectively, with higher values
observed in particularly dense patches (Mazda et al., 1997;
Krauss et al., 2003; Liénard et al., 2016). While past studies
focusing on mangrove vegetation have shown that the increase in
mangrove root densities enhances canopy drag and modulates
reach-scale flow routing (Mazda et al., 1997; Horstman et al.,
2013), these studies did not focus on small-scale flow variability
and turbulence. However, similar studies have been undertaken
within canopies of Spartina (e.g., Leonard and Croft, 2006;
Widdows et al., 2008). We cannot necessarily extrapolate the
canopy effects of flexible species such as Spartina spp.; mangrove
roots are morphologically distinct from other leafy estuarine
vegetation, and are relatively rigid. Stem rigidity greatly modifies
turbulent dissipation rates, with flexible stems dissipating less
energy than equivalent rigid stems (Mullarney and Henderson,
2010; Luhar and Nepf, 2015). Similarly, while flume and modeling
experiments have yielded many valuable insights into the nature of
vegetated hydrodynamics (e.g., Bouma et al., 2005), field observa-
tions are required to examine turbulence under natural conditions,
with energetic, directionally spread waves and currents in complex,
heterogeneous natural canopies. The need for such work is moti-
vated by the possible connection between spatially variable turbu-
lent intensity and sediment transport, which ultimately affects
marsh morphodynamics (Yager and Schmeeckle, 2013).

It is well established that the addition of vegetation greatly
modifies flow fields and turbulence (e.g., Nepf, 1999; Tanino and
Nepf, 2008b, Mullarney and Henderson, 2017), which ultimately
affects the distribution of sediment within vegetated reaches. Using
artificial canopies and flume models to represent Spartina tus-
socks, Bouma et al. (2007) observed that patches of higher density
canes promoted sedimentation in their interior while erosion
occurred around the edges. These patterns were associated with
high turbulence around patch edges, and lower turbulence in their
interior. In field studies of Spartina marshes, increasing stem
densities decreases turbulence and hence sediment transport for
flows transitioning between the channel/marsh interface and 20 m
inside the vegetation (Leonard and Croft, 2006). However, erosion
around the edges of Spartina tussocks is pronounced, particularly
during higher-energy conditions (Widdows et al., 2008). Ultimately
whether or not mangrove roots can provide a similar sheltering
effect as saltmarsh plants such as Spartina will be determined by
local conditions and species morphology. Mangrove forests have
previously been shown to be sinks of allochthonous sediment
(Wolanski, 1992; Walsh and Nittrouer, 2004; Van Santen et al.,
2007). Specifically, Van Santen et al. (2007) observed variable
sedimentation rates in an Aegiceras corniculatum-dominated
mangrove forest in the Red River Delta (Vietnam). Across a

transect of ~ 100 m, episodic wave events resulted in variable
sedimentation and erosion in the fringe, while the forest interior
experienced consistent deposition. Data and observations pre-
sented in the present paper suggest a similar pattern of sedimenta-
tion within a Sonneratia-dominated mangrove forest.

Using field observations from a natural mangrove fringe-forest
system, the present study examines the broad-scale spatial varia-
bility of turbulent energy dissipation. We quantify the relationship
between turbulence, the spatial distribution of mangrove pneuma-
tophore vegetation, and other environmental factors such as wave
height and water depth. The aim of this study is to link these
patterns to understand how mangroves might exert a morphody-
namic control over their environment. Measurements were taken
from a fringing mangrove forest in the southern Mekong Delta,
Vietnam during two different seasons and sixteen individual loca-
tions to encompass a wide range of vegetation densities and
hydrodynamic conditions. Both the vegetation and velocimetry
data presented herein exhibit pronounced spatial variability. We
examine the contributions to turbulence from the presence of
vegetation and derive patterns in these data through averaging.
High turbulent dissipation rates are associated with correspond-
ingly high vegetation density. Based on these measurements and
observations of sediment properties, we discuss possible effects on
regional morphodynamics.

2. Background

Drag forces and turbulent intensity depend on properties of the
flow (e.g., the flow velocity, and level of submergence) as well as the
vegetation characteristics: the number, size, shape and flexibility of
stems (Nepf, 1999; Nepf and Vivoni, 2000; Ghisalberti and Nepf,
2006; Leonard and Croft, 2006; Mullarney and Henderson, 2010).
Flows encountering vegetation will form turbulent wakes once the
Reynolds number (Re = Ud/ν, where U = water velocity, d = stem
diameter, and ν = kinematic viscosity) is greater than about 50 for a
single stem and is within the range of 150–200 for multiple stems
(Kiya et al., 1980; Nepf et al., 1997). Within these wakes, the
energy of waves and currents is converted into turbulent energy. At
high Reynolds numbers, the rate of energy conversion is the rate at
which work is done by the flow against the canopy drag (Raupach
and Shaw, 1982). As defined in many numerical models of steady
flows in rigid vegetation (e.g., Temmerman et al., 2005; Nepf,
2012), the canopy drag force per cubic meter, denoted as FD, is a
function of both the vegetation geometry and the properties of the
flow:

F a C ρU= ( /2) ,D D
2 (1)

where CD is the drag coefficient, a = N·d is the frontal area of the
canopy per cubic meter (units m−1), and N is the number of stems
per square meter of the bed (Nepf, 2004). For complex stems in
heterogeneous natural canopies, a varies widely with both elevation
above the bed and with horizontal location (Liénard et al., 2016).
Although the drag coefficient is a function of the canopy density and
the Reynolds number, it becomes important for low-density cano-
pies at high Reynolds number (Poggi et al., 2004). Increases in
canopy density can modify the effective drag coefficient due to flow
disturbance from upstream elements (e.g., Nepf, 1999). This
interaction between stems depends on the solid volume fraction
occupied by the vegetation, ϕ, with modifications in the effective
drag coefficient found in laboratory experiments for ϕ exceeding
about 0.05–0.2 (Raupach, 1992; Tanino and Nepf, 2008a). For
regular, cylindrical stems, a and ϕ are related by ϕ = (π/4)Nd2 =
(π/4)(ad). Although values of ϕ may range from 0 (bare bed) to 1
(solid body), in many natural canopies, ϕ < 0.05, in which case
interactions between stems are typically neglected, when estimat-
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ing drag (Tanino and Nepf, 2008b). For rigid canopies with high Re
and small ϕ, multiplying the drag (Eq. (1)) by the velocity U gives
the rate of work done on the flow, which often equals the turbulent
dissipation rate. Then dividing by density ρ yields a turbulent
energy dissipation rate per kilogram of water ε = (CD/2)aU

3. Under
waves, an additional force proportional to the acceleration must be
added to Eq. (1) (Sumer and Fredsøe, 1997). However, this
additional force is in quadrature with the velocity and therefore
does no mean work, so the formula for the dissipation rate is
unmodified if averaged over many wave periods.

Finally, the within-canopy velocity U that appears in Eq. (1) is
itself dependent on vegetative drag. In submerged horizontally-
uniform canopies, steady mean flows are greatly reduced, relative
to velocities above the canopy, for large values of λ = ahc, where hc
is the canopy height and λ is the canopy roughness, defined as the
frontal area of canopy elements per unit floor area (Belcher et al.,
2003; Nepf, 2012). In such cases the reduction of intra-canopy flow
and turbulence helps to prevent sediment suspension and hence
erosion (Nepf, 2004). Conversely, sparse canopies with λ below
about 0.1 are characterized by stem-scale turbulent wakes that may
locally enhance erosional processes and diminish sediment settling
(Nepf, 2012). These results for steady flows are modified under
waves, where within-canopy flows are often forced by fluctuating
pressure gradients, in contrast to the shear stresses that force
steady flows (Lowe et al., 2005). For waves, the potential sheltering
effect of canopies is often controlled not by λ but instead by Λ =
aCDUwT/(4π), where T = wave period and Uw is a typical amplitude
of wave-induced velocity fluctuations. For waves with Λ < 1, as for
steady flows with small λ, stems are expected to enhance dissipa-
tion and erosional processes (Henderson et al., 2017).

3. Field measurements

3.1. Field site

The study area is located along the southern edge of Cù Lao Dung
(approximately 9°30′53.38′′N, 106°16′6.4′′E) in the southern reach of
the Mekong Delta in Vietnam (Fig. 1). This mid-channel island bisects
the Sông Hậu distributary channel of the Mekong Delta as it meets the
East Sea (South China Sea). The discharge of the Mekong River is
modulated by seasonal monsoons. High-flow is associated with a
southwesterly monsoon season during the months of July – December
(Wolanski et al., 1998). This season is categorized by consistent rainfall
in the delta, relatively calm marine conditions (wave heights and
currents) and lighter winds. During this season, sediment discharged
from both channels of the Sông Hậu is transported offshore (McLachlan
et al., 2017; Fricke et al., 2017). The northeast monsoon season (January
– July) is characterized by drier conditions, higher winds and larger
waves. During this period, the energetic marine conditions may mobilize
offshore sediment, moving it toward Cù Lao Dung through the interac-
tion of river flow, waves and tides (Eidam et al., 2017). Though a
combination of sediment supply and physical forcing, the island is
prograding in an asymmetric manner. The relatively rapidly prograding
southwest corner of the island is characterized by an extensive mudflat
and wide mangrove forest that tapers to a shorter mudflat and forest in
the northeast. This asymmetry produces differences in the wave climate
and the bed slope at each site. Recorded wave heights in the southwest
exceeded those of the northeast, while the northeast floods more quickly
due to a steeper bed slope (Fricke et al., 2017). At the mouth of the river,
the tidal range is ~ 3 m (Wolanski et al., 1996).

Although much of Cù Lao Dung has been developed for agriculture,

Fig. 1. Overview map of Cù Lao Dung, located in the Sông Hậu distributary channel of the Lower Mekong Delta. Two main field sites are highlighted, the southwest and northeast (SW
and NE), with insets depicting the locations of individual measurement and vegetation survey sites within the mudflat, mangrove fringe and forest. In SW inset, ‘Md’ stands for ‘mudflat’,
‘Fr’ for ‘fringe’ and ‘Fo’ for ‘forest’. Dotted lines in both insets denote the fringe zone of the forest. Vegetation type was digitized to differentiate between Sonneratia and other mangroves
by comparing maps provided by Bullock et al. (2017), and Google Earth images.
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an artificial levee separates farmland from a sea-fringing and dense
mangrove forest. The higher elevations of the forest interior near the
levee are predominantly composed of Avicennia spp., and Aegiceras
corniculatum mangroves and Nypa fruticans palms (Phan and Hoang,
1993). The seaward fringe along the southern tip of the island is
dominated by the pioneering Sonneratia spp., both Sonneratia alba
and Sonneratia caseolaris (Nardin et al., 2016). The two main study
sites were located within the southwestern (SW) and northeastern (NE)
corners of the island (Fig. 1). All experiments were conducted either on
the un-vegetated mudflat, or under the cover of S. caseolaris mangrove
trees. Tree density is highest in the seaward fringe region (x = −10 m to
x = 20 m onshore) along the southwest transect (Bullock et al., 2017),
and declines with distance inside the forest. Within the seaward fringe,
groups of mangrove trees produced a dense and patchy ‘canopy’ of
pneumatophore (pencil) roots with diameters on the order of 1 cm. In
contrast, the northeast mangrove fringe is predominately sparse,
established Sonneratia mangroves with substantially larger diameter
(~ 1.5–2 cm) pneumatophore roots. Particularly dense clusters of these
aerial roots were observed adjacent to the mangrove tree trunks. Tree
density at this location increased with onshore distance from the fringe
(Bullock et al., 2017). Experimental sites were chosen to encompass a
range of vegetation and hydrodynamic conditions within areas of the
fringe (x = −10 to 20 m of the forest edge) and deeper into the forest
interior (x = 20 – 100 m inside the forest).

3.2. Vegetation Sampling

Field measurements were obtained between September – October
of 2014 and in March 2015 within the mangrove forest of Cù Lao Dung
during a spring-neap transition (Fig. 1). Sites were selected by locating
clusters of pneumatophores to sample regions within both the seaward
mangrove fringe and the forest interior (Fig. 1). Instruments were
deployed in clusters of pneumatophores, and were located away from
tree trunks to avoid upstream wake effects. Pneumatophores surround-
ing instruments were then delineated using a 1-m2 quadrat. In the SW,
eight deployment locations were chosen in the fringe to span the range
of observed root densities. Note that a single quadrat was collected in
the vegetated fringe seaward of the digitized location of the fringe line,
x = 0 (see Fig. 1, SW inset), owing to the ambiguity in the exact location
of the ‘fringe’. Due to logistical constraints, fewer deployments were
conducted in the forest interior of the SW. Two deployments were also
conducted in the seaward mangrove fringe on the NE side of the island.

Vegetation geometry was estimated using the photogrammetric
reconstruction method developed by Liénard et al. (2016), which is
summarized briefly here. Each quadrat was photographed 55 − 390 times
in 360° around the site while varying the pitch angle from ground-parallel
to oblique-overhead. Image sets were then processed using the open
source structure-from-motion software package Visual SFM (see:
Changchang, 2011) to generate a dense 3D point cloud. In addition to
resolving pneumatophores, these point clouds allowed for the precise
positioning of the Vectrino current meters used to measure turbulence
(Fig. 2b, Section 3.3). After editing point clouds in the open source
software CloudCompare to remove features such as the instruments and
the quadrat, three-dimensional pneumatophore geometries were recon-
structed (Fig. 2c), using the sector-slice algorithm developed by Liénard
et al. (2016). The resultant datasets contained the center point and
diameter for every pneumatophore, evaluated every 5 mm along a vertical
profile extending from about 2 cm above the bed to the top of the root
canopy. To generate vegetation statistics that are representative of drag on
the predominantly horizontal (on-site measurements confirm horizontal
dominance) near-bed flows, a and ϕ were estimated at the sampling
heights (hv) of the velocity measurements (Table 1, Section 3.3). To
evaluate a within a quadrat, the number of stems that reached hv were
multiplied by the mean root diameter, and divided by the quadrat area.
Relative errors in a values obtained by this method are usually < 10%
(Liénard et al., 2016). The volume fraction of the vegetation, ϕ, was

estimated by summing the enclosed areas of all pneumatophores at hv,
and then dividing by the quadrat area.

3.3. Hydrodynamic observations

After surveying the vegetation, we deployed up to three Nortek
Vectrino Profilers (hereafter, Vectrinos) inside each quadrat area as
well as a single additional current meter (either a 2 MHz Nortek
Aquadopp or a Nortek Vector) near the quadrat (Fig. 2a). Vectrinos are
acoustic instruments that are typically used in laboratory settings to
resolve velocity profiles at millimeter resolution (for example, see:
Tinoco and Coco, 2014). Field deployments of these laboratory
instruments are not common (for an exception, see: Lanckriet and
Puleo, 2013). Instrument deployments were arranged at low tide in
either ‘fine-scale’ or ‘tidal flats-to-forest’ configurations. For fine-scale
deployments, the three Vectrinos were deployed in a single quadrat to
resolve the small-scale flow variability. For tidal flats-to-forest deploy-
ments, the three Vectrinos were split between three separate quadrats
to record conditions synoptically in the mudflat, fringe and forest. For
these cases, instrument deployments were typically separated by >
40 m (Table 1). Each configuration was used for one to two days before
instruments were moved and arranged in a new configuration. Prior to
each experiment, instruments were deployed during low tide. Vectrinos
were mounted to fixed frames and were deployed within the pneuma-
tophore canopy. Synchronized data from the three Vectrinos were
recorded by a single laptop, connected to the instruments by 50 m
cables. Data were recorded continuously at 50 Hz. For flood tide cases,
Vectrino data collection began just after all three instruments were
submerged by the rising tide and continued until just before slack tide.
For ebb tide cases, data collection began at high tide and continued
until instruments emerged from the water. The co-located Nortek
Aquadopps or Vectors were set to record nearly continuously at 8 Hz or
32 Hz, respectively, for the duration of each experiment. Aquadopps
sampled at 25 mm vertical resolution over short profile lengths of
0.45 m (SW side) and 0.22 m (NE side). These instruments provided
background data such as wave height, current direction and velocity,
measured above the pneumatophore canopy. Prior to analysis, Vector
and Aquadopp time series were cropped to the length of the corre-
sponding Vectrino deployments. Instrument deployment configura-
tions and the Vectrino record durations are listed in Table 1, ordered by
their across-shore distance from the mangrove fringe.

4. Data analysis

Aquadopp velocity data were post-processed by first removing data
with low correlation coefficients. Bins that exhibited phase-wrapped
velocities (see: Lohrmann and Nylund, 2008) were removed and gap
filled using data with the same spectral characteristics. Vector and
Vectrino velocities were similarly filtered to remove data with low
correlations and signal-to-noise ratios, then outlier velocity spikes were
identified, removed, and gap filled by interpolation following the
routine outlined in Goring and Nikora (2002). For each Aquadopp
and Vector pressure record, significant wave heights were estimated
every 10 min, calculated as 4 times the standard deviation of the
detrended sea-surface elevation after linear wave theory was applied to
transform the measured pressure to sea-surface values. From the
Vectrino data, time averaged velocities were produced for every depth
bin using the following method. Vectrino velocity records were first
split into segments containing n = 1500 samples (30 s) using a 30%
overlap between segments. Velocities were rotated into across-shore
(u), along-shore (v) and vertical (w) components. Finally, mean
horizontal velocities were computed. To account for the variation in
current direction with cross-shore position, horizontal velocity magni-

tudes were calculated, U u v= + ,2 2 and then were time-averaged, to
produce one velocity magnitude per segment, per depth bin.
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Additionally, turbulence statistics (the dissipation rates) were calcu-
lated from the same original Vectrino velocity profiles using the
method outlined in Section 4.1, below.

4.1. Dissipation rate of turbulent kinetic energy

The Turbulent Kinetic Energy (TKE) dissipation rate was calculated
from vertical velocity profiles recorded at each Vectrino deployment
location using the structure function method of Wiles et al. (2006). The
structure function has previously been employed to calculate dissipa-
tion rates using Vectrino Profiler measurements (Lanckriet and Puleo,

2013). Using this method, turbulence estimates can be readily derived
from differences between velocities measured at several closely spaced
locations (“bins”) along the sampled profile. This differencing techni-
que filters out large-scale variability in the velocity field, such as wave
oscillations, permitting the ability to focus on small-scale turbulent
eddies.

First, Vectrino velocity records were split into segments con-
taining n = 1500 samples (30 s). At every elevation z along the
measured profile, 30-second time series of the vertical velocities
were linearly detrended to yield a 50 Hz time series, w(z). The
second-order longitudinal structure function D(z,r) is then:

Table 1
The locations of quadrat surveys and hydrodynamic measurements collected. Quadrats are organized by their cross-shore location. Each vegetation survey was accompanied by
hydrodynamic measurements collected by the listed instruments deployed. ADCP refers to a Nortek Aquadopp, Vectrino refers to the Nortek Vectrino Profiler, and ADV refers to a
Nortek Vector. Quadrats with the designation ‘a’,’b’ and ‘c’ were deployed in the same location and multiple vegetation surveys were collected at this site. Synoptic ‘tidal flats-to-forest’
experiments were conducted in three locations on the same days. Measurement heights were measured prior to conducting the experiment, and are relative to the initial bed levels of the
experiments. Deployment durations are rounded to the nearest half hour.

Location Date Start time (HH:
MM)

Deployment duration Quadrat name Across-shore distance
(m)

Instruments deployed hv (m)

SW 29/09/2014, 30/09/
2014

15:23, 06:20 3 h, 3.5 h Mudflat −60.96 ADCP, 1 Vectrino 0.11

SW 05/03/2015, 06/03/
2015

13:00, 13:40 3 h, 3 h Mudflat −50.54 ADCP, 1 Vectrino 0.09

SW 11/03/2015, 12/03/
2015

15:20, 07:00 3 h, 3 h Mudflat −50.35 ADCP, 1 Vectrino 0.02

SW 9/27/2014 14:00 3 h Mudflat −37.17 ADV, 3 Vectrinos 0.06
SW 9/28/2014 14:40 3 h Q1 −11.48 ADCP, 3 Vectrinos 0.04
SW 29/09/2014, 30/09/

2014
15:23, 06:20 3 h, 3.5 h Q2 0 ADCP, Vectrino 0.04

SW 07/03/2015 14:00 4 h Q3a 0 ADV, 3 Vectrinos 0.02
SW 08/03/2015 14:20 5 h Q3b 0 ADV, 3 Vectrinos 0.21
SW 10/03/2015 14:50 3 h Q3c 0 ADV, 3 Vectrinos 0.51
SW 05/03/2015, 06/03/

2015
13:00, 13:40 3 h, 3 h Q4 0.54 ADCP, 1 Vectrino 0.09

SW 11/03/2015, 12/03/
2015

15:20, 07:00 3 h, 3 h Q5 1.37 ADCP, 1 Vectrino 0.02

SW 9/24/2014 12:13 1 h Q6 4.95 ADCP, 3 Vectrinos 0.10
SW 9/25/2014 12:45 2.5 h Q7 5.92 ADCP, 3 Vectrinos 0.04
SW 9/26/2014 13:30 3 h Q8 6.16 ADCP, 3 Vectrinos 0.04
NE 03/10/2014 6:30 6 h Q9 11.70 ADCP, 3 Vectrinos 0.07
NE 13/03/2015, 14/03/

2015
18:50, 07:00 5 h, 6 h Q10 24.52 ADCP, 3 Vectrinos 0.03

SW 29/09/2014, 30/09/
2014

15:23, 06:20 3 h, 3.5 h Q11 49.39 ADCP, 1 Vectrino 0.11

SW 11/03/2015, 12/03/
2015

15:20, 07:00 3 h, 3 h Q12 72.64 ADCP, 1 Vectrino 0.02

SW 05/03/2015, 06/03/
2015

13:00, 13:40 3 h, 3 h Q13 93.76 ADCP, 1 Vectrino 0.04

a) b) c)

Fig. 2. (Panel a) a typical instrument deployment around one of the vegetation survey sites on the SW transect within the mangrove fringe. (Panel b) 3D point cloud generated by the
structure-from-motion software created from approximately 200 photographs of the quadrat scene. (Panel c) Pneumatophores represented as 3D shapes with circular horizontal cross-
section, and with elevation-dependent diameter and location, fitted to the 3D point cloud.

B.K. Norris et al. Continental Shelf Research 147 (2017) 114–127

118



D z r w z w z r( , ) = [ ( ) − ( + )] .2 (2)

where the overbar denotes a time average. Therefore, D(z,r) is the
variance of the difference between two velocities separated by a
distance r, with the first velocity at the along-beam position z. This
structure function represents the intensity of small-scale velocity
variability, which is dominated by turbulence. From Kolmogorov's
theory, for scales of r within the inertial subrange,

D z r C ε r( , ) = ,v
2 2/3 2/3 (3)

where Cv
2 = 2.0, is an empirical constant (Pope, 2001). Therefore,

whereas D is a function of separation distance r, the turbulent
dissipation rate ε is a single scalar characterizing the intensity of
small-scale turbulence.

To estimate ε, the measured D(z,r) is fitted by linear regression to
the equation

D z r σ Ar( , ) = 2 + ,B
2 2/3 (4)

where the fitted slope A is related to dissipation by A = Cv
2ε2/3, and the

fitted offset 2σB
2 accounts for instrument noise, and is otherwise

assumed to be independent of r (Wiles et al., 2006). This fitting of
Eq. (4) was performed for r = 1–5 mm, yielding ε estimates every
1 mm along a profile length of 30 mm (which is the length of the
Vectrino profile minus rmax). The maximum lag of 5 mm was chosen as
a compromise between the aim of eliminating wave motions (best
achieved using small rmax) and the goal of obtaining stable estimates of
slope (provided by larger rmax). To examine the sensitivity of the
structure function to rmax, a range of maximum lags from 4 to 10 mm
were tested. Results show small increases in ε up to a lag distance of
6 mm, while larger lags produce smaller estimates of ε and poor fits to
Eq. (4). The TKE dissipation rate estimates derived from these two
vertical velocity estimates were averaged together to create one
estimate per 30-second interval for the entire duration of the
Vectrino deployment.

When Vectrinos were deployed very near the bed (≤ 0.06 m, 21% of
deployments) velocity bins whose elevation was less than 10% of the
range from the transducer to the bed were excluded to eliminate
measurements contaminated by sidelobe reflections from the bed.
Furthermore, any bins whose height was less than that of the wave
boundary layer were also excluded from the analysis. Since the
structure function employs a ‘center differenced’ approach, bins
+2 mm (towards the bed) from any center bin near the boundary layer
was also excluded. Following Fredsøe and Deigaard (1992), the wave
boundary layer thickness was estimated as,

⎛
⎝⎜

⎞
⎠⎟

δ
k

a
k

= 0.09R

N

ω

N

0.82

(5)

where the wave orbital excursion a = Uw/ωr, the wave velocity
amplitude is Uw (Supplementary material) the wave radian frequency
is ωr, and the Nikuradse roughness length kN was estimated as the
median grain diameter of sediments collected from near the instrument
(Fricke et al., 2017). Of the experiments where the Vectrinos were
within 0.06 m of the bed, velocity samples removed for being within the
wave boundary layer account for no more than 10% of all samples.

Where possible, turbulence estimates were extracted from the
middle bin in the profile (where the signal-to-noise ratio was max-
imum). When Vectrinos were near the bed, and the middle bin was too
close to the bed to provide useful data, turbulence estimates were
selected from either bin 5, or the lowest bin above the wave boundary
layer. Measurement heights hv at which turbulence estimates were
obtained are listed in Table 1. Turbulence estimates and time-averaged
velocity magnitudes were compared with the root densities estimated
at the same height hv.

4.2. Tidal intervals and quadrat subsampling

Although the 1-m2 quadrats provide representative samples of the
seaward fringe and forest root densities, they do not resolve the sub-
meter variability within the quadrats themselves. In most cases, the
Vectrinos were placed inside the quadrat adjacent to a cluster of roots a
few tens of centimeters across. Under mean currents, patches on the
order of this diameter are expected to generate stem-wakes down-
stream at a distance of 2–3 times the patch diameter (Nicolle and
Eames, 2011; Zong and Nepf, 2012). Additionally, wave orbital
displacements are expected advect turbulence a few tens of centimeters
from the pneumatophores. Since hydrodynamic conditions such as the
water velocity and wave height depend on the level of tidal inundation,
different stem clusters around the Vectrino may have been responsible
for generating wake turbulence throughout the tide. To improve
estimates of the effective densities that generate turbulence within
the quadrat boundary, a subsampling method was used to focus on the
clusters of roots most likely to have generated stem-wake turbulence.
Vegetation density was measured within small 20-by-20 cm ‘quadrats’
upstream of the instruments.

To examine the dependence of turbulence on the level of tidal
inundation, the pressure time series from the co-located velocimeters
(Aquadopps or Vectors) were divided into four sections of equal length
(Fig. 3), referred to as: LL, ML, MH and HH for low tide, medium-low,
medium-high and high tide, respectively. For fine-scale deployments,
the start of the LL subsection was defined as approximately the same
tidal depth (0.42 m on average) between the individual experiments.
For the tidal flats-to-forest experiments, the LL stage began as soon as
all three Vectrinos were submerged. Typically, these requirements
meant the LL stage began approximately 20–30 min after the arrival of
the incoming flood tide. Averaged across all experiments, tidal subsec-
tions correspond to water depths of 0.54, 0.82, 1.0, and 1.14 m for LL,
ML, MH and HH, respectively.

For every subsection of every tide, the “upstream” direction was
defined by averaging Vector or Aquadopp velocities over the subsection
(Fig. 4a). Quadrat reconstructions were rectified so the upstream side
was parallel to the coastline. Then, 20-cm2 quadrats were centered over
a point directly upstream of the Vectrino (Fig. 4b). Vegetation statistics
(N, d and a and ϕ) were calculated for roots within the 20-cm2 quadrats
(Fig. 4c) as outlined in Section (3.2). For fine-scale experiments where
the three Vectrinos were deployed in the same 1-m2 quadrat (not
shown), three separate 20-cm2 quadrats were used, one upstream of
each instrument.

Finally, a dataset of vegetation characteristics (N, d, a and ϕ) at the
height of each Vectrino was generated from all 20-cm2 quadrats for
each tidal stage. Similar datasets were created for the environmental
factors (tidal depth, and Hs) and the fine-scale measurements (TKE
dissipation rate, velocity magnitude) by averaging the measurements
that corresponded to times within each tidal stage. For cases where the
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Fig. 3. Example tidal divisions for low (LL), medium-low (ML), medium high (MH) and
high (HH). Tidal sections are of equal length, beginning after the instruments are
submerged then finishing at slack tide. Colors correspond to the same tidal stages in the
subsequent figures. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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ebb tide was recorded, averaged hydrodynamic values were taken at the
same tidal depths of the flood tide values. The result was four datasets
for each tidal stage, each containing a single value of vegetation
characteristics or hydrodynamic conditions for every subsample. This
averaging by tidal stage will be used to summarize trends across the
range of conditions encountered between sites and across seasons.

5. Results

5.1. Hydrodynamic and vegetation observations

During the September 2014 experiment, water depths measured at
high tide in the southwest ranged from 1.3 m on the mudflat to 0.7 m
inside the forest (location Q13). Measured peak wave periods varied
from 2 to 3 s, and significant wave heights ranged up to 0.4 m. Wave-
averaged velocities just above the wave boundary layer (3–11 mm
above the bed) on the mudflat, fringe, and forest interior respectively
reached 0.16 m s−1, 0.14 m s−1 and 0.13 m s−1. Turbulent dissipation
rates ranged from 3.1 × 10−6 to 3.2 × 10−5 W kg−1 on the mudflat, 3.7 ×
10−6 to 8.9 × 10−4 W kg−1 at the fringe, and 2.8 × 10−6 to 2.6 ×
10−5 W kg−1 in the forest. In March 2015, water depths were similar to
those in September, but waves were more energetic, with periods
ranging between 3 and 6 s, and significant wave heights ranging up to
0.72 m. Wave-averaged velocities just above the boundary layer
reached 0.17 m s−1 on the mudflat, 0.16 m s−1 at the fringe, and
0.12 m s−1 in the forest. Spatial variability of turbulence resembled
that seen during September, with the fringe sites producing the largest
dissipation rates of 3.7 × 10−4 W kg−1 during one of the synoptic flats-
to-forest experiments (Q4), and 4.5 × 10−3 W kg−1 during one of the
fine-scale experiments (Q3a).

Oblique shoreward wave-averaged currents were observed during
the rising tide. Large-scale flow patterns are summarized by Mullarney
et al. (2017), Bryan et al. (2017), and Fricke et al. (2017). The
particular example highlighted in Fig. 5 is the experiment conducted
during the flood tide of March 6th, Mudflat (x = −50.54 m), Q4 and
Q13 (Table 1). Although current velocities and turbulence between the
three regions varied in intensity with wave height, the patterns shown
in this figure were consistent for all the other flats-to-forest experi-
ments. Onshore velocities over the mudflat (Fig. 5a) declined, and even
reversed, as flood tide proceeded (beginning around 14:45). In the
vegetated regions (Fig. 5b–c), velocities were directed onshore
throughout the flood tide. Turbulence (Fig. 5d–f) was most intense at
the fringe, where dissipation exceeded 3.0 × 10−4 W kg−1 (Fig. 5d).
Dissipation over the mudflat was less intense than in the fringe,
although short ‘hotspots’ of intense turbulence were still observed
(Fig. 5e). Within the forest, turbulence measurements between the

synoptic experiments were variable in intensity. In this particular
example, dissipation rates did not exceed 2.5 × 10−4 W kg−1 and
importantly, also depict lower-intensity turbulence compared to the
other two sites. Figs. 5f, 5i were of the furthest experiment inshore of
the fringe, Q13. Shortened time series of dissipation (Fig. 5g–i) show
distinct hotspots of turbulence generated by the remnants of passing
breakers (5g) and turbulent wake structures (5h and 5i) generated
within mangrove root canopies.

In the northeast, seasonal patterns in the hydrodynamic measure-
ments resembled those observed in the southwest. Water depths in the
fringe were similar between seasons (up to 1.6 m and 1.75 m at high
tide for September and March respectively). Larger peak periods (2–5 s
compared with 1.5–3 s) and waves (up to 1.2 m compared with 0.4 m)
were recorded in March compared to September. As there were no
flats-to-forest experiments conducted at this location, we cannot
compare mudflat, fringe and forest environments. Averaged near-bed
velocities in the fringe reached 1.1 × 10−2 m s−1 and 0.1 m s−1, and
turbulent dissipation ranged from 3.7 × 10−7 – 1.3 × 10−4 W kg−1 and
1.6 × 10−6 – 3.0 × 10−4 W kg−1, in September and March, respectively.
These values of dissipation are comparable to moderate dissipation
values recorded in the fringe at the southwestern site.

Vegetation surveys showed high spatial variability in pneumato-
phore root densities between the quadrat sample sites (Table 2). High-
density patches of pneumatophores occur when the lateral runner roots
of two (or more) nearby mangroves intersect, creating root clusters
near the point of intersection. Pneumatophore canopies are less dense
between these clusters, leading to a heterogeneous patchwork of
mangrove vegetation. In the southwest, higher tree densities within a
roughly 20-meter-wide band along the seaward forest fringe produced
a dense but patchy canopy of pneumatophore roots (often N > 100
pneumatophores per m2). Here, average root diameters varied between
1 and 2 cm. Canopy heights generally decreased with distance inside
the forest, with taller roots measured at the forest fringe (up to 0.82 m)
compared to the forest interior (up to 0.61 m, a special case discussed
below). In relatively limited sampling of northeast vegetation, a wider
range of diameters (1–4 cm) was observed but with fewer (N <
100 m−2) pneumatophores (Table 2, Q9, Q10). Vertical profiles of the
frontal area density a(z), which plays a key role in drag parameteriza-
tions (Eq. (1)), are summarized in Fig. 6. Frontal area density
decreased with increasing z. An anomalous survey at x = −93.76 m
(Q13) shows a low-density, short canopy near the bed, with a single tall
member that brought the max canopy height to around 0.6 m.
Excluding this peculiar pneumatophore, both canopy density and
canopy height decreased with distance landward in our survey sites.

One possible explanation for the pattern of decreasing canopy
height with landward distance could be the level of sediment accumu-

Fig. 4. (Panel a) Current vector map showing both the location of the collocated instrument and the quadrat deployment (circle and triangle). (Panel b) Quadrat reconstruction of
pneumatophore diameters at the height slice of the velocity measurements. The triangle represents the location of the Vectrino Profiler. Squares denote the subsampling process
according to the arrows in 4a. (Panel c) a single 20-cm2 subsample of the vegetation proximal to the Vectrino Profiler. This particular example is the dark blue box (HH) in Fig. 4b. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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lation between the fringe and forest. The across-shore profile of the
southwest increased linearly in elevation from mudflat to mangrove
forest (Bryan et al., 2017). We observed signs of erosion near the bases
of pneumatophores in the fringe during March (Fig. 7a). In contrast
scour was not observed around the pneumatophores of the forest
interior (Fig. 7b). Moreover, fringe sediments contained more sand,
and less mud, than the forest interior sediments. Evidence provided in
the following section suggests that elevated turbulence within the
fringe may influence the scour around pneumatophores and account
for these observations.

5.2. Spatial trends

Fig. 8 summarizes the cross-shore variability of TKE dissipation,
pneumatophore frontal area density, and wave height. To create
this figure, all data from all Vectrino deployments were combined,
and binned by across-shore location. The data presented in this
figure are from different across-shore locations that were often not
contemporaneous. Locations of high dissipation also tended to be

locations of high vegetation density (compare Fig. 8a and b). The
highest turbulent dissipation rate (4.5 × 10−3 W kg−1) occurred
during the low-tide stage (LL) at the fringe (yellow triangle at 0 m
across-shore, Fig. 8a), coincident with the peak of vegetation
density (Fig. 8b). Turbulence was also elevated at other positions
in the fringe. The highest dissipation rates measured on the
mudflat, at the x = −50 m across-shore position, exceeded the
dissipation measured at several of the forest interior sites (this case
is discussed in Section 6.1). The highest dissipation rates in the
forest interior were measured at the x = 70 m, where the pneuma-
tophore canopy was relatively dense. At most vegetated locations,
dissipation was maximum early in the rising tide (LL or ML). The
exception was the dissipation hotspot at the x = 70 m, where
dissipation was maximum at MH. In general, dissipation rates
were diminished inside the forest relative to the fringe.

In addition to the dependence on vegetation density discussed
above, dissipation was also correlated with other environmental factors
such as the significant wave height (Fig. 8c). Comparison between
Figs. 8a and c shows inconsistent correlation between wave heights and

Fig. 5. Vertical profiles of currents and turbulent dissipation during 30 min on March 6th (HAB = ‘Height Above Bed’). Panels (a–c): Onshore current velocities measured at mudflat
(a), fringe (b) and forest (c) locations. Raw velocities were averaged using a 30 s window and a 30% overlap, removing wave-frequency flows. Below-bed values and values corresponding
to the wave boundary layer, have been removed (in black). (Panels d–f) TKE dissipation rates for the mudflat (d), fringe (e) and forest (f). Dissipation rates were calculated using a 30 s
window of vertical velocities, per depth bin. Similarly to (a–c) below-bed and wave boundary layer values have been excluded (in black). Panels (g–i) show detailed view of times and
elevations bounded by dashed boxes in (d–f).
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dissipation rates. Linear regression between values of Hs in each tidal
stage and the corresponding dissipation rates confirms a significant but
weak correlation between these measurements at each deployment
position (r-squared: 0.29, p < 0.01). Since measurements were not
synoptic, this weak correlation may have resulted from a timing (i.e.,
tidal stage) dependency in the variables. To conduct a more systematic
examination of the dependence of TKE dissipation on vegetation

density, other vegetation parameters (hc, N, d and a), significant wave
height, and the other environmental variables (velocity magnitude and
tide depth), a stepwise multiple linear regression model for all quadrats
was used. Each quadrat was relatively representative of the hydro-
dynamic climate and canopy density at each location, as care was taken
to space the synoptic measurements > 40 m apart. For the other
experiments, quadrats (and instruments) were deployed in different
regions of the fringe and forest on different days to capture the
variability of these conditions at each position. Model results suggest
a significant tidal variability in the dependence of turbulence on
vegetation density and other environmental factors. At the lowest tide
stage (LL), the significant wave height (Hs), water depth (h), normal-
ized instrument height to water depth (hv/h) and a collectively explain
50% of the variance in the TKE dissipation rate (F = 11.8; p-val <
0.01), with Hs as the most important predictor of the response in
turbulence (p-val < 0.01). Similarly, at mid-low tide (ML), bothHs and
a combined explain 31% of the variance in turbulence (F = 7.59; p-val
< 0.01). Unlike the lowest tide stage, the mid-low tide (Fig. 3) model
shows the vegetation density a as being the most significant predictor
of the response in turbulence (p-val < 0.01). For both the mid-high
(MH) and high (HH) tide models, a was the only variable significantly
correlated with turbulence, explaining 24% and 13% of the variance (F
= 16.2; p-val < 0.01 and F = 7.32; p-val = 0.01), respectively. In
summary, dissipation rates decreased with increasing water depth, and
increased with increasing significant wave height and vegetation

Table 2
Pneumatophore survey statistics. All values reported (excluding N and hc) are from the height of the corresponding velocity measurement, hv. Unless explicitly stated in the column
header, values are reported for the 1-m2 quadrats. Values of minimum and maximum a (amin and amax, respectively) are given for the 20-cm2 quadrats.

Location Quadrat name N hc (m) d (cm) a (m−1) λ ϕ 20-cm2, amin 20-cm2, amax

SW Mudflat 0 0 0 0 0 0 0 0
SW Mudflat 0 0 0 0 0 0 0 0
SW Mudflat 0 0 0 0 0 0 0 0
SW Mudflat 0 0 0 0 0 0 0 0
SW Q1 81 0.49 1.1 0.77 0.38 8.0E−03 1.45 1.50
SW Q2 166 0.36 1.2 1.06 0.38 1.3E−02 1.38 2.32
SW Q3a 66 0.64 2.0 1.17 0.75 2.4E−02 1.97 6.24
SW Q3b 62 0.54 1.6 0.47 0.25 6.2E−03 0 2.71
SW Q3c 61 0.57 0.6 0.04 0.02 2.7E−04 0 0.76
SW Q4 102 0.82 2.0 1.06 0.87 1.8E−02 1.70 4.15
SW Q5 45 0.56 1.2 0.49 0.27 5.0E−03 0.45 1.28
SW Q6 139 0.55 1.1 0.76 0.42 7.5E−03 0 2.31
SW Q7 110 0.37 0.7 0.65 0.24 4.3E−03 0 0.51
SW Q8 116 0.41 1.1 0.96 0.39 1.0E−02 2.01 2.01
NE Q9 95 0.49 1.4 0.97 0.47 1.3E−02 0.17 0.54
NE Q10 77 0.55 1.5 0.84 0.46 1.2E−02 0.22 1.99
SW Q11 87 0.35 1.0 0.23 0.08 1.9E−03 0 0.30
SW Q12 84 0.27 1.4 0.93 0.25 1.3E−02 0.47 1.33
SW Q13 37 0.21 0.6 0.10 0.06 8.5E−04 0.12 0.98
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Fig. 6. Profiles of the frontal area density as a function of height above the bed, a(z).
Symbols on the un-vegetated mudflat represent surveys without pneumatophores (a =
0 m−1). The black bar shows a unit of 1-m−1 for reference. Quadrat locations (Tables 1, 2)
are denoted by symbols: open circle, square and diamond: mudflat deployments; open
five-pointed star: Q1; cross: Q2; triangle: Q3a; asterisk: Q3b; closed circle: Q3c; closed
square: Q4; downward-facing triangle: Q5; six-pointed star: Q6; closed diamond: Q7;
left-pointing triangle: Q8; right-pointing triangle: Q9; closed five-pointed star: Q10;
closed triangle: Q11; closed left-pointing triangle: Q12; closed right-pointing triangle:
Q13.

Fig. 7. (Panel a) Fringe location showing pronounced erosion near pneumatophores (e.g., scour pits around small clusters of stems in the middle of the photo). (Panel b) Forest location,
94 m landward of the fringe, with no clear scour around pneumatophores.
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density. From Eq. (1), the drag force and therefore the turbulent
dissipation will increase with both flow speed and vegetation density,
so these trends are not unexpected. The particular importance of
significant wave height during the low tidal stages is also as expected,
because larger waves in shallow waters generate higher flow speeds.
Many of the r2 values quoted above are not especially high, likely
because turbulence by its nature is intermittent, varies over many
orders of magnitude, and is highly spatially and temporally variable.
Averaging data was necessary to derive any patterns in turbulence,
particularly over the spatial scales (up to 100 m), and limited temporal
scales (over half a tidal cycle) considered here.

During more quiescent periods (September), minimal wave break-
ing was observed except for occasional wind-generated whitecapping
over the tidal flats. The more energetic conditions of March brought
breakers inside the fringe, and occasionally into the forest. Depending
on the frequency of breaking over the instrument sites, breaker-
injected turbulence may have contributed significantly to the measured
dissipation rates. The wave breaking parameter, γ, defined by γ = Hs/h,
is often used to determine the probability of shallow water breaking.
Breaking is common for γ exceeding 0.5, but rare for γ < 0.3 [e.g., Eq.
(20) of Thornton and Guza (1983), with their fitted power law, suggests
50% of waves break for γ = 0.5, but only 6.5% break for γ = 0.3]. To
assess the importance of breaking to turbulence observations, γ and ε
are compared in Fig. 9. Consistent with visual observations of breaking,
cases with γ > 0.3 were observed. For example, the largest dissipation
rates (4.5 × 10−3 W kg−1, Fig. 8a) were recorded during the LL tidal
stage when γ = 0.36, suggesting a possible role for wave-injected
turbulence within the dense canopy at this position (Figs. 6 and 8b).
Nevertheless, high dissipation rates were also observed in the numer-
ous cases with minimal breaking (γ < 0.3). For example, breaking was
minimal (γ < 0.3) for most cases with dissipation in the range 10−5 to
10−3 W kg−1. Therefore, many cases of intense turbulence cannot be
explained by wave breaking. We attribute these high turbulence levels
in non-breaking cases to canopy drag.

Finally, as expected for turbulence produced by canopy drag, the

turbulent dissipation was correlated with vegetation density (Fig. 10),
with all stages of the tide depicting a similar positive trend. Cases with
likely breaking (γ > 0.3, unfilled symbols in Fig. 10) displayed a
similar dependence on vegetation density to cases with minimal
breaking (γ < 0.3, filled symbols). In the measurements collected in
this study, wave velocities (Uw) often exceeded current velocities (Uc)
above the wave-boundary layer (Supplementary material). Defining
wave-dominated cases as those for which Uw > 2Uc, we find for the
data displayed in Fig. 10, waves were dominant in most cases with
some exceptions early in the tide (Uw > 2Uc for 77% of LL cases, and
95% of HH cases, not shown).
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Fig. 8. Turbulent dissipation rates (Panel a), vegetation frontal area density (Panel b) and significant wave height (Panel c), with observations from all deployments binned at 10 m
cross-shore intervals to emphasize spatial variability. Symbols and error bars respectively represent the mean and standard deviation of all observations within a 10-m bin. Panel (a):
TKE dissipation, shown separately for each tidal stage. Panel (b): vegetation frontal area profiles surveyed at low tide, with values corresponding to current meter elevations presented.
Panel (c): Significant wave heights, with all tidal stages combined. Error bars depict the range of Hs over the four tidal stages.

Fig. 9. Dissipation rate (ε) versus wave breaking parameter (γ = wave height/water
depth) for all four tidal stages. Each point represents ε and γ for a single measurement
location, averaged from the start to the end of a single tidal stage. Most points fall below
γ < 0.3 indicating minimal breaking, so that wake-induced turbulence provides the most
likely source for high turbulent dissipation rates. For γ > 0.3, wave breaking likely
contributes turbulence.

B.K. Norris et al. Continental Shelf Research 147 (2017) 114–127

123



6. Discussion

6.1. Dissipation rate magnitude

Dissipation rates across all sampling sites ranged from 3.7 ×
10−7 to 4.5 × 10−3 W kg−1, with a mean dissipation rate of 1.0 ×
10−4 W kg−1 averaged over all tide stages. Peak turbulence occurred
at the fringe soon after the arrival of the flood tide. Although
hotspots of turbulence were observed at other locations during
later tide stages, turbulence in the fringe was usually elevated
relative to the other sites. For comparison, estimates of turbulent
energy dissipation in other coastal environments are typically
highest in the surf and swash zones of beaches, while lower
turbulence is typically found in intertidal areas and tidal rivers.
In swash zones (h < 0.25 m), measured dissipation rates from 6 ×
10−5 to 1 × 10−1 W kg−1 have been reported (Raubenheimer et al.,
2004; Lanckriet and Puleo, 2013), whereas in surf zones, measured
dissipation rates have ranged between 3 × 10−7 to 3 × 10−3 W kg−1

(although wave energy balances imply more rapid dissipation very
near the surface, where turbulence has not been directly measured,
Trowbridge and Elgar, 2001; Bryan et al., 2003; Feddersen, 2012).
In more quiescent intertidal flats and tidal channels, measured
dissipation rates from O(10−7) to O(10−4) W kg−1 (Jones and
Monismith, 2008; Mullarney and Henderson, 2012) and O(10−7)
to O(10−3.4) W kg−1 (MacDonald and Mullarney, 2015), respec-
tively, have been reported. In this study, the maximum values
measured in the fringe were comparable to those measured in
highly turbulent swash and surf zones. It was expected that the
mudflat sites produced lower turbulence than the vegetated sites
overall, as vegetated regions generate higher turbulence intensities
(Nepf, 1999).

While turbulence was most intense at the seaward fringe,

estimates were variable on the mudflat and inside the forest.
Dissipation rates along the transect corresponding to the breaking
conditon γ > 0.3 (Fig. 11) shows that the high turbulence on the
mudflat at x = −50 m, and further inside the forest (x = 70 and
90 m), were likely due to wave breaking. Lower dissipation on the
mudflat O(10−5) might be balanced by turbulence production in the
bottom boundary layer while moderately high dissipation
(10−4 W kg−1) might be balanced by injection of turbulence from
breaking waves above (e.g., Feddersen, 2012). Mudflat estimates of
the dissipation rate in the present study were sometimes higher and
sometimes lower than dissipation inside the forest. For example,
sparse vegetation and small waves resulted in relatively weak
dissipation at x = 50 m, whereas more dense vegetation and larger,
possibly breaking waves resulted in larger dissipation rates at x =
70 m across-shore (Figs. 8, 11).

The high intensity of turbulence in the fringe was likely
generated locally, and cannot be explained by onshore advection
of turbulence generated on the flats. This conclusion is supported
by the observation that the turbulent dissipation at the fringe was
one to two orders of magnitude larger than over the mudflat.
Furthermore, turbulence was advected only a few meters before
most energy was dissipated. To establish this, note that the length
scale over which turbulence can be advected before substantial

dissipation is of order u L ε( / )2 1/3
, where the length scale L of

turbulent eddies is set to the water depth (likely an overestimate)
and u is the mean advection velocity. For typical depths
(0.2−1.75 m), currents (0.17 m s−1) and dissipation rates O(10−4)
W kg−1, turbulence could be advected only about 5 m (weaker
currents, smaller depths, and higher dissipation rates would yield
smaller advection scales).

Over muddy seabeds, very high density suspensions sometimes
develop very near the seabed. Such “fluids muds” can be associated
with rapid wave dissipation (McAnally et al., 2007). However, fluid
muds were unlikely to be responsible for the rapid turbulent dissipa-
tion we observed at the fringe, partly because fringe sediments were
relatively coarse (Fricke et al., 2017), and partly because the high
viscosity of fluid muds would be expected to damp small-scale motions,
whereas our high ε values correspond to intense small-scale motions.

6.2. Canopy density effects on turbulence

While waves and wave breaking were a significant contributor, the
observed patterns in turbulence were also strongly influenced by the
patterns in canopy density. Estimated pneumatophore densities ranged
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from ϕ = 2.7 × 10−4 to 0.024 for 1-m2 quadrats, and from ϕ = 0–0.1 in
the 20-cm2 subsamples, which tended to focus on the denser clusters of
pneumatophore roots (see Table 2 for corresponding values of a).
These values are lower than other comparable measurements of
Sonneratia and Avicennia pneumatophore densities, which ranged
from ϕ = 0.02–0.045 for 1-m2 quadrats (Krauss et al., 2003; Horstman
et al., 2012). These values are also much smaller than values reported
for the knee roots of Bruguiera and the characteristic stilt-roots of
Rhizophora mangroves (at least within close proximity to tree trunks),
with densities ranging between 0.19 < ϕ < 0.45 (Horstman et al.,
2012; Mazda et al., 1997; Furukawa et al., 1997). Turbulence estimates
in the present study suggest that high turbulence is generated within
small clusters of pneumatophores. Linear fits between the logarithm of
a and the dissipation rate for the 20-cm2 quadrats were significant
below a 90% confidence level (p-val < 0.1) for all tidal stages, while fits
of the 1-m2 quadrats were not significant (p-val > 0.1) with the
exception of the lowest tide stage. Therefore in terms of stem-wake
turbulence, the 1-m2 quadrats may not provide a representative scale
for approximating the drag-generating features that produce turbu-
lence. The correlation between the high density canopies and corre-
spondingly high turbulent dissipation rates resulted in the relationship
depicted in Fig. 10. Previous experiments (Tanino and Nepf, 2008a)
suggest interference between stem wakes has minimal effect on total
dissipation, given the pneumatophore densities we observed in most
cases, although a small (about 20%) damping effect is expected at the
highest pneumatophore densities (ϕ ~ 0.1). Since turbulence in the
wake of mangrove tree trunks was not measured, their contribution to
the overall wave and current dissipation of the forest cannot be
quantitatively extrapolated. However, dissipation is proportional to
a(z) (Section 2), so the relative importance of pneumatophores and tree
trunks to horizontally averaged dissipation can be estimated by
comparing their respective values of a(z). For pneumatophores, a(z)
is order 1-m−1 near the bed, whereas for tree trunks a(z) is of order
0.004 m−1 [here, we have used a typical observed tree density of N =
0.005 trunks per square meter (Bullock et al., 2017), and a trunk
diameter of 0.8 m]. Since near-bed a(z) values were hundreds of times
larger for pneumatophores than for tree trunks, near-bed dissipation
was likely dominated by pneumatophores. For depth-integrated dis-
sipation, calculations are complicated by the depth-dependence of
velocity and trunk geometry. Neglecting such depth-dependence, an
order-of-magnitude estimate of pneumatophore and trunk contribu-
tions to depth-integrated dissipation is obtained by comparing their
respective contributions to the depth-integral of a(z). For pneumato-
phores, the depth-integral of a(z) is about 0.1, whereas for tree trunks
it reaches about 0.006 at high tide (taking trunks with a = 0.004 m−1

extending over the water depth of 1.5 m). This rough calculation

suggests that pneumatophores dominate depth-integrated dissipation,
although detailed measurements of depth-dependent velocity and
trunk geometry would be required to draw firm conclusions. Other
studies have measured variable rates of wave and current dissipation
with increasing tidal depth, specifically observing that dissipation is
highest when the tidal depth is below the height of the root structures
(suggesting a large role for pneumatophores) and again when the tide
reaches the height of the tree canopies (suggesting an important role
for branching, neglected in above calculations; Mazda et al., 2006,
Horstman et al., 2012).

6.3. Geomorphological implications

In the present study, root densities were too sparse to shelter the
bed from turbulence at the fringe; instead, turbulence increased with
stem density. However, over larger scales (~ 100 m), turbulence did
decrease with distance landward. These patterns suggest that turbu-
lence is enhanced in the fringe, then due to wave dissipation and
vegetative drag, eventually decreases creating a relatively sheltered
forest interior. Since Sonneratia pneumatophores are often shorter and
are less dense than many marsh plants such as Spartina spp. (Leonard
and Croft, 2006; Neumeier, 2007; Widdows et al., 2008) waves are
expected to propagate relatively large distances into forests, leading to
a relatively wide fringe region of enhanced dissipation.

Since turbulence is in turn is a primary component in the initiation of
sediment motion (Yager and Schmeeckle, 2013), it is interesting to compare
the intensified turbulence near the forest edge with observations by Fricke
et al., (2017) of relatively coarse-grained sediments at the forest fringe that
fine with distance landward. Possible geomorphological implications are
sketched in Fig. 12: sediment is carried shoreward by the rising tide.
Energetic turbulence during the lower stages of the flood tide may
preferentially remove fines from the fringe, a suggestion supported by
observations of relatively coarse sediments and scour around the pneuma-
tophores in this fringing region (Fig. 7a). Sediment may then be advected
farther into the marsh and deposited as turbulence levels decline,
particularly as flows grow weaker approaching slack tide (e.g., Furukawa
et al., 1997). The lack of scour around the forest pneumatophores (Fig. 7b),
and the fining of sediment grain sizes in the forest supports this theory.
Furthermore, these proposed zones of preferential suspension (fringe) and
deposition (forest) may influence the across-shore bed elevation profile
reported in Bryan et al., (2017).

This preferential distribution of fines inside the mangrove forest is
consistent with observations by Wolanski et al. (1998) in the Fly River
Delta (Papua New Guinea), Furukawa et al. (1997) who described the
capture of fines as current velocities dropped near slack tide, and Van
Santen et al. (2007), who quantified sedimentation rates. While these

Fig. 12. A conceptual diagram of the mangrove bio-geomorphic feedback mechanism presented in this paper. Larger spirals mean higher intensity turbulence.
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studies did not specifically measure turbulence in situ, the latter two
inferred that the observed patterns in sedimentation were a result of
the reduction of current velocities with distance inside the mangroves.
The results of the present study suggest the connection between
spatially variable turbulence, generated in root canopies by currents
and waves, may be a control on the morphodynamics of mangrove
forests. The patterns in sedimentation, particularly the preferential
suspension of sediment at the fringe, is consistent with the observa-
tions of Van Santen et al. (2007) in mangroves, and experiments
utilizing vegetation analogues (Spenceley, 1977; Bouma et al., 2007).

Over longer time scales, these bio-geomorphic feedbacks may
influence the progradation and succession of mangrove forests.
Species such as Sonneratia that are more resistant to salt water
inundation and wave energy may initially comprise coastal mangrove
forest fringes. Through mangrove-influenced land progradation, man-
groves that were once in the fringe may be replaced by other species
that prefer higher elevations (Nardin et al., 2016; Bullock et al., 2017).
The fringe moves seaward, continuing to be occupied by pioneering
species. This feedback mechanism should function as long as there is
ample sediment supply to the mangrove forest (Anthony et al., 2010).

7. Conclusions

This paper examines the role of pneumatophores as a spatial
control on the dissipation of turbulent kinetic energy. Turbulence,
measured at milimeter scales, was compared with complex canopy
geometry measured using a three-dimensional photogrammetric re-
construction technique. Turbulent dissipation was maximum at the
forest fringe, where pneumatophore densities were highest. Dissipation
was highly variable inside the forest throughout the flood tide, with
intense turbulence corresponding to regions of particularly dense
vegetation. Across a range of sites, TKE dissipation was positively
correlated with vegetation density. Dissipation also depended on wave
heights and water depths, with the most intense dissipation observed
for relatively large waves in shallow water. High turbulent energy at the
forest fringe may suspend fine sediments that can then be redistributed
elsewhere in the forest. This theory is supported by observations of
coarse fringe sediments, scouring around fringe pneumatophores, and
an absence of scouring farther inside the forest. Such observations
suggest a mangrove-influenced geomorphic feedback, in which coastal
mangrove shorelines accrete landmass from their interior outwards.
This control may facilitate mangrove succession, whereby stress-
tolerant mangrove species are replaced by less tolerant species as the
seaward fringe expands outwards.
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