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Abstract

Within a wave-exposed mangrove forest, novel field observations are presented, com-

paring millimeter-scale turbulent water velocity fluctuations with contemporaneous

subtidal bed elevation changes. High-resolution velocity and bed level measurements

were collected from the unvegetated mudflat, at the mangrove forest fringe, and

within the forest interior over multiple tidal cycles (flood–ebb) during a 2-week period.

Measurements demonstrated that the spatial variability in vegetation density is a con-

trol on sediment transport at sub-meter scales. Scour around single and dense clusters

of pneumatophores was predicted by a standard hydraulic engineering equation for

wave-induced scour around regular cylinders, when the cylinder diameter in the

equations was replaced with the representative diameter of the dense pneumatophore

clusters. Waves were dissipated as they propagated into the forest, but dissipation at

infragravity periods (> 30 s) was observed to be less than dissipation at shorter periods

(< 30 s), consistent with the predictions of a simple model. Cross-wavelet analysis

revealed that infragravity-frequency fluctuations in the bed level were occasionally

coherent with velocity, possibly indicating scour upstream of dense pneumatophore

patches when infragravity waves reinforced tidal currents. Consequently, infragravity

waves were a likely driver of sediment transport within the mangrove forest. Near-bed

turbulent kinetic energy, estimated from the turbulent dissipation rate, was also corre-

lated with bed level changes. Specifically, within the mangrove forest and over the

unvegetated mudflat, high-energy events were associated with erosion or near-zero

bed level change, whereas low-energy events were associated with accretion. In con-

trast, no single relationship between bed level changes and mean current velocity was

applicable across both vegetated and unvegetated regions. These observations sup-

port the theory that sediment mobilization scales with turbulent energy, rather than

mean velocity, a distinction that becomes important when vegetation controls the

development of turbulence.
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1 | INTRODUCTION

Mangroves are salt-tolerant shrubs and trees that thrive in the inter-

tidal areas of tropical and subtropical coastlines. Mangroves are char-

acterized by large above-ground root systems that dissipate incident

wave energy (Massel et al., 1999; Mazda et al., 2006; McIvor

et al., 2012), reduce current velocities (Furukawa et al., 1997; Mazda

et al., 1997; Wolanski et al., 1980), and thus facilitate the deposition

of fine-grained sediments (Bryan et al., 2017; Krauss et al., 2010;

Wolanski et al., 1996, 1998). Over time, the accumulation of terrige-

nous sediment and organic material in mangrove forests can lead to

the aggradation of mangrove shorelines. Given these biophysical feed-

backs, mangrove forests may have kept pace with fluctuations in

eustatic sea level throughout the Holocene (Fujimoto, 1998; Lovelock

et al., 2015; McKee et al., 2007; Woodroffe, 1990). However, to

understand whether mangrove surface elevation can keep pace with

future sea level rise, a thorough understanding of the physical pro-

cesses controlling bed elevation change in mangrove systems is

needed. Key variables that determine the depositional patterns in

mangroves are thought to be the sediment supply to the forest,

hydrodynamic setting, and vegetation density (Krauss et al., 2003;

Kumara et al., 2010; Rogers et al., 2006; Woodroffe, 1992). In addi-

tion, sediment processes within the forest can be divided into surficial

(i.e. sedimentation, accretion, erosion) and subsurface processes

(i.e. the growth or decomposition of roots, and changes to soil proper-

ties such as consolidation or expansion; McIvor et al., 2013). Surficial

processes are the focus of this study.

Suspended sediment is transported into mangrove swamps

through the combined action of tides and waves (Van Santen

et al., 2007; Woodroffe & Davies, 2009) or during storm events and

tsunamis (Spalding et al., 2014). Sediment trapping by mangroves is

facilitated by the dissipation of turbulent energy in the wake of man-

grove roots, which creates onshore stagnation zones where sediment

can be deposited (Furukawa et al., 1997; Mullarney et al., 2017a). Ele-

vated turbulence levels maintain suspended sediment concentrations

(SSCs) until current speeds decrease around slack tide (Furukawa &

Wolanski, 1996). Deposited sediment is not re-entrained during the

ebb tide as long as currents remain slower than critical shear thresh-

olds. The resulting asymmetry between flood and ebb tidal sediment

fluxes often results in a net import of sediment into mangrove forests

(Furukawa et al., 1997; Horstman et al., 2015; Mullarney &

Henderson, 2010; Van Santen et al., 2007; Wolanski et al., 1990).

In general, near-bed wave orbital velocities in vegetated regions

are smaller than those over a plain bed (Hansen & Reidenbach, 2012).

Previous studies have shown that aquatic vegetation can sometimes

act as a low-pass filter of wave energy, with longer-period waves pen-

etrating greater distances within vegetated regions (Bradley &

Houser, 2009; Hansen & Reidenbach, 2012; Horstman et al., 2012;

Vo-Luong & Massel, 2008). While the role of short-period waves in

sediment transport and resuspension in coastal mangroves has been

qualitatively described (e.g. Winterwerp et al., 2005; Van Santen

et al., 2007), the role of long-period infragravity waves has yet to be

explored. Although mangroves typically inhabit sheltered intertidal

areas that are exposed to weak currents and small waves, high-energy

conditions typical of storm events can cause large-scale erosion of

mangrove platforms (Van Santen et al., 2007). While short-period

waves may be readily attenuated over hundreds of meters within

mangrove forests (Henderson et al., 2017; Horstman et al., 2012;

Vo-Luong & Massel, 2008), numerical modeling suggests that long-

period infragravity waves may require substantially larger widths

(up to 10×) of forest to be effectively attenuated (Phan et al., 2015).

Hence, it has been hypothesized that long-wave energy may influence

sedimentation in forest interiors (Phan et al., 2015), but this theory

has not yet been confirmed through direct observation.

Depositional patterns are also affected by the spatial variability in

vegetation density across vegetated regions. The abrupt change in

roughness from mudflat to vegetation cover can induce turbulence

(Maza et al., 2017; Nepf, 1999; Norris et al., 2019), which reduces the

settling of fine particles, and can cause resuspension around the edges

of the mudflat (Neumeier, 2007; Widdows et al., 2008). Farther inside

the forest, turbulence may also encourage the deposition of fine sedi-

ments in stagnation zones created in the wake of mangrove roots

(Furukawa et al., 1997). Actual depositional patterns are highly depen-

dent on the vegetation properties, sediment supply and characteris-

tics, and local hydrodynamic conditions. For example, while some

authors have observed a positive correlation between sediment accre-

tion and mangrove root densities (Kumara et al., 2010; Young &

Harvey, 1996), others have observed the opposite effect (Krauss

et al., 2003; Mullarney et al., 2017b; Spenceley, 1977). Differing

accretionary trends likely reflect the balance between the competing

processes of turbulence production and energy dissipation, which is

governed by the spatial distribution and density of the vegetation,

and location relative to the forest fringe. Enhanced turbulence at the

fringe of the forest stirs up sediments and decreases incident wave

energy, eventually creating a relatively sheltered forest interior that is

favorable to sedimentation (Norris et al., 2017).

Sediment transport in a uniform current above a plain bed is often

considered to be driven by the near-bottom shear stress

(Le Bouteiller & Venditti, 2015), which can be estimated from the near-

bedmean current using a simple law-of-the-wall relationship. However,

vegetation can slow mean currents while enhancing turbulence, possi-

bly complicating relationships between mean currents and sediment

transport. In regions of submerged dense vegetation, skimming flow

often precludes the formation of a logarithmic boundary layer as cur-

rents are severely reduced within the canopy (Ghisalberti &

Nepf, 2006; Nepf & Vivoni, 2000). However, rough-wall boundary

layers may still form in sparse vegetation (Poggi et al., 2004), as

observed in field experiments by Sukhodolov and Sukhodolova (2006)

and Lacy and Wyllie-Echeverria (2011). Several recent studies have

developedmore robust methods for estimating bed shear stresses from

mean currents in vegetated systems (Etminan et al., 2018; Yang

et al., 2015; Yang & Nepf, 2018). However, the near-bottom turbu-

lence, instead of the bed shear stress, is likely the driver of sediment

transport. Laboratory studies have shown that sediment suspension is

better predicted by turbulent kinetic energy, but not by mean current

velocity, in both vegetated and unvegetated environments (Tinoco &
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Coco, 2016, 2018; Yang & Nepf, 2018). Other laboratory experiments

have shown that near-bottom turbulence is correlated with high bed

load fluxes and the formation of scour holes as well as other deposi-

tional features (Yager & Schmeeckle, 2013). Such depositional patterns

have been observed in mangrove forests previously (Mullarney

et al., 2017a; Norris et al., 2017); however, these patterns have not yet

been linked to contemporaneous hydrodynamic conditions in the field.

Here, we describe how the bed level varies throughout a tidal

cycle, and correlate these variations to local hydrodynamic conditions.

We hypothesize that when correlation exists, bed level variations

depend on the wave period and the gradient of mangrove vegetation

density, spanning the unvegetated mudflat to the forest interior. The

goals of this study are to quantify: (i) the spatial and temporal varia-

tion in the bed level within patches of mangrove roots; (ii) the hydro-

dynamic forcing conditions expected to correlate with bed movement

(i.e. the mean current velocity, bed shear stress, and turbulence);

(iii) the role of turbulent energy versus mean currents as a predictor of

bed level changes; and (iv) the relationship between wave-frequency

velocity oscillations and corresponding wave-frequency fluctuations

in bed level throughout the tidal cycle. Results within mangrove vege-

tation are compared to those from the unvegetated mudflat.

2 | METHODS

This section describes the field site location, as well as measurements

of vegetation, sediment properties, bed levels, and hydrodynamic

forcing. Mean velocities and wave statistics were compared between

three measurement locations along a cross-shore transect spanning

the unvegetated mudflat to mangrove forest interior to determine

F IGURE 1 Deployment location. (a) Regional context of deployment region (red square) situated within the lower Mekong Delta.
(b) Deployment locations (SW) on the seaward edge of Cù Lao Dung, shown in detail in panel (c), where white lines denote the relative position of
the boundaries between the mudflat, fringe, and forest. Fixed instruments (ADV = Nortek Vector, ADCP = Nortek Aquadopp) are denoted with
blue circles, and moveable array Sites 1–3 with orange squares. The across- and along-shore directions (u and v, respectively) are shown. (d–f)
Photos of deployment configurations in each of the three environments, 1 m2 quadrats for scale. Note, the mudflat ADCP is not visible in panel
(d). Data sources are respectively: Envisat (a), Rapideye (b), Google Earth (c)
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how mangrove vegetation affects wave energy transmission onshore.

Wavelet analysis provides an indication of when the near-bed veloci-

ties and bed level measurements were correlated, and over which fre-

quencies. These moments of high correlation (called “coherent
events,” or simply “events”) were then used to parse the data to look

for patterns between variations in the bed level, wave periods, and

other hydrodynamic variables.

2.1 | Field site

Field observations were conducted in the mangrove forest fringe that

lines the seaward shore of Cù Lao Dung in the southern Mekong River

Delta, Vietnam (Figures 1a and b). The lower southwestern corner of

the island is prograding rapidly, with a sandy substrate and a shallow

slope of approximately 1 in 800 (Bryan et al., 2017). Here, a belt of

young Sonneratia caseolaris mangroves extends about 150 m onshore

from the forest fringe, with the highest tree density near the fringe

(Bullock et al., 2017). Near its southwest corner, the island is fronted

by interlaminated mud and sand flats, with the intertidal region

exposed at low tide stretching seaward several kilometers (Fricke

et al., 2017). The tidal range at the mouth of the river is about 3 m

(Wolanski et al., 1996). Waves generated offshore propagated across

the mudflat and into the forest. Most experiments were conducted

during the spring–neap transition over a 2-week period in March

2015. When considering bed level variability, data from the 2015

experiments were supplemented by data collected in the same loca-

tion during September 2014 (Norris et al., 2017).

2.2 | Measurements

Instrumented frames were placed on the mudflat, mangrove fringe,

and forest to characterize the hydrodynamics and sediment dynamics

of each area. Deployments consisted of fixed-location sensors that

recorded nearly continuous measurements for the 2-week period, and

a series of “moveable array” sensor packages that were relocated

after approximately 24–48 h of data collection (Figure 1, Sites 1–3).

Three individual experiments were conducted with the moveable

array sensors during the flood and ebb tides between March 5 and

March 12, 2015 (Table 1). In addition to the hydrodynamic measure-

ments, surface sediment samples were collected by hand near the

moveable arrays.

The fixed-location instruments consisted of a Nortek Vector

(ADV) deployed on the mudflat, an RBR Duet deployed near the mud-

flat/mangrove forest boundary, and a 2 MHz Nortek Aquadopp

(ADCP) deployed approximately 150 m inside the forest (Figure 1c).

The Duet recorded pressure and optical backscatter at 6 Hz and the

Vector logged velocity and pressure continuously at 32 Hz. The

Aquadopp was configured to log velocity, pressure, and backscatter at

2 Hz over 6-min bursts every 10 min at a vertical resolution of 0.1 m

along a profile extending upward to the water surface. The Aquadopp

was collocated with two vertically separated Campbell Scientific OBS-

+ optical backscatter sensors, deployed 0.15 and 0.40 m above the

bed. OBS measurements were calibrated using in-situ water samples

collected nearby to obtain SSCs (Fricke et al., 2017). All fixed instru-

ments were deployed at the bed on low-profile frames to allow near-

bed measurements while minimizing flow interference.

TABLE 1 Locations of hydrodynamic and sediment measurements (refer to Figure 1 for locations), deployment durations, and general
conditions during the experiments. All experiments were conducted in 2015. Column headers are as follows: Tp = peak wave period,
Hs = significant wave height, n = number of pneumatophores per square meter, d = basal mean pneumatophore diameter, a = basal frontal area
density, z = Vectrino probe height above bed, d50 = median grain size, Sand = percentage sand in sediment sample, Mud = percentage mud in
sediment sample

Tidal
stage Date Area Site

Start
time

Duration
(min)

Tp
(s)

Hs

(m)
n
(m−2) d (m)

a
(m−1)

z
(m)

d50
(μm)

Sand
(%)

Mud
(%)

Flood

tide

03/06 Mudflat 1 13:37:46 204 2.40 0.26 0 0 0 0.06 96.7 85 15

Fringe 2 2.40 0.26 102 0.050 4.4 0.06 118 94 6

Forest 3 2.32 0.13 37 0.010 1.3 0.06 35.8 5 95

03/09 Fringe 2 2:10:00 140 4.34 0.20 66 0.051 8.4 0.24 123 94 6

03/11 Mudflat 1 15:05:00 105 3.31 0.39 0 0 0 0.06 96.7 85 15

Fringe 2 3.07 0.33 45 0.013 4.6 0.06 118 94 6

Forest 3 3.03 0.17 84 0.014 2.4 0.06 40.6 37 63

Ebb tide 03/05 Mudflat 1 15:32:10 80 2.44 0.22 0 0 0 0.13 96.7 85 15

Fringe 2 2.42 0.22 102 0.050 4.4 0.13 118 94 6

Forest 3 2.25 0.12 37 0.010 1.3 0.08 35.8 5 95

03/09 Fringe 2 4:30:00 140 4.34 0.20 66 0.051 8.4 0.24 123 94 6

03/12 Mudflat 1 7:01:55 131 3.01 0.29 0 0 0 0.06 96.7 85 15

Fringe 2 2.63 0.20 45 0.013 4.6 0.06 118 94 6

Forest 3 2.50 0.10 84 0.014 2.4 0.06 40.6 37 63
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Moveable arrays were deployed during the rising flood tides and

falling ebb tides of the dates listed in Table 1. Moveable array sensor

packages each consisted of a single 10 MHz Nortek Vectrino Profiler

(“Vectrino”) to measure near-bed flow velocities, and a single 2 MHz

Aquadopp ADCP mounted to the bed to measure the water depth

and wave climate. The ADCPs recorded nearly continuous 8 Hz mea-

surements in pulse-coherent mode over a profile length of

0.22–0.45 m, with a vertical resolution of 0.025 m. During the first

and last experiments, the three moveable arrays were deployed simul-

taneously along a cross-shore transect spanning the mudflat, fringe,

and forest (Figures 1d–f). During the second experiment, conducted

on March 9, all three Vectrinos were deployed within a 1 m2 area to

study the flow patterns within a small patch of pneumatophores.

The Vectrinos were deployed at varying heights during the exper-

iments as part of a wider study (e.g. Henderson et al., 2017; Norris

et al., 2017, 2019), ranging from 0.06 to 0.24 m above the bed

(Table 1). All Vectrinos were connected to a single laptop using 100 m

cables, and the laptop was used to synchronize the instruments and

log the data (see Mullarney et al., 2017a for more details). Vectrino

probes, which were designed for use in the laboratory, have a smaller

cross-section and therefore cause less disturbance to water flow and

sediment transport than many instruments designed for field applica-

tions. To further minimize flow disturbance, probes were cantilevered

away from their frames. Small scour pits sometimes developed locally

where frames penetrated the bed, but these pits did not extend to the

vicinity of the probes. The cantilevered arms were oriented perpen-

dicular to the dominant flow direction and instruments were arranged

so that one instrument was not affected by the wake of other instru-

ments. Vectrinos recorded near-bed velocity at 50 Hz along profiles

that were 0.035 m in length, with 1 mm vertical resolution. In addition

to velocity, the Vectrinos provided estimates of the bed level eleva-

tion (BLE), which was estimated as the elevation of maximum acoustic

backscatter intensity. Vectrino data were collected from the time all

of the instruments were submerged (20–40 min after low tide) until

high tide for flood tide deployments, and the reverse for ebb tide

experiments. For each Vectrino, the BLE was reported as the cumula-

tive change since the start of the tidal interval, so negative BLE indi-

cates erosion over a tidal cycle, whereas positive BLE indicates

accretion.

The root canopy at each site (where applicable) was surveyed

within 1 m2 quadrats using the photogrammetric method of Liénard

et al. (2016). Sets of 50–300 photos of each quadrat, taken from mul-

tiple angles, were input into the open-source photogrammetric recon-

struction software Visual SFM (Wu, 2011) to generate a 3D point

cloud of overlapping feature matches. Vegetation geometry was then

reconstructed from each point cloud using a “sector-slice” algorithm

(Liénard et al., 2016). The frontal area density a (m−1) of the canopy as

a function of height above the bed was calculated as the number of

stems per square meter (n) times the mean stem diameter (d). To

examine the spatial variability in bed level changes across a single tidal

cycle, two photo surveys were collected at a forest fringe site on

March 9, with one survey immediately before and the other immedi-

ately after the flood–ebb cycle. The two point clouds were aligned in

the freeware CloudCompare using the basal center points of the

pneumatophore roots in each cloud for reference. The mean horizon-

tal uncertainty in the alignment was 8 mm, estimated by averaging the

distance between the center points of 40 pneumatophore roots after

aligning the point clouds. The point clouds were interpolated in GIS

(ESRI ArcMap 10.3) as rasters, and then differenced to produce a map

of bed level change. The combination of 3D photogrammetric recon-

structions with high-resolution near-bed velocity measurements is

unique, and allows us to address outstanding questions concerning

morphological changes in vegetated environments. Specifically, these

measurements allow the first direct field investigation of the relation-

ship between fine-scale hydrodynamics (turbulence) and patch-scale

variability in erosion and accretion.

In engineering applications, the Keulegan–Carpenter number

(KC =UmT=D ) is well established as a predictor of wave-induced scour

around isolated uniform vertical cylinders (e.g. Silinski et al., 2016;

Sumer et al., 1992), where Um is the maximum oscillatory flow

velocity, T is the wave period, and D is the cylinder diameter. How-

ever, such formulations have not to our knowledge been applied to

study scour around natural pneumatophores. Later, we compare the

normalized scour depth (S/D) with KC to test the applicability of stan-

dard KC-based formulas to estimate scour around singular and dense

patches of pneumatophores. The consideration of dense pneumato-

phore patches is motivated by several former studies. First, research

has shown that the wake produced by dense clusters of ideal cylin-

ders resembles that of a larger solid body with the same diameter as

the cluster (e.g. Chen et al., 2012; Nicolle & Eames, 2011). Second,

enhanced turbulence can be measured by near-bed Vectrinos within

20 cm from dense patches of pneumatophore roots (Norris

et al., 2019). Third, dense spacing has been experimentally determined

as a ≥ 4 (Yang et al., 2015), where hydrodynamic properties of the

canopy change from the “sparse” regime to the “dense” regime. For

each Vectrino, the scour depth (S) was calculated as the mean of the

first 500 minimum bed levels estimated during each tidal cycle, rep-

resenting a range of the minimum bed levels during each experiment.

The pneumatophore patch diameter D upstream of each of the

Vectrinos was estimated using the following method. First, wave-

directional spectra were computed from 10-min pressure and velocity

measured by the ADCPs at each moveable array, following the

method of Gordon and Lohrmann (2002). From these spectra, the

dominant wave and current direction were estimated (Figures 2a and

c). Each digitized quadrat survey was rectified into the across- and

along-shore direction (Figures 2b and d). For clusters of four or more

closely spaced pneumatophores, the patch diameter D was calculated

as the patch width perpendicular to the dominant current direction

(Figure 2d). For cases with isolated pneumatophores near the

Vectrino, the individual pneumatophore diameter d was set as D

(Figure 2b). The values of a corresponding to D were assessed using a

20 cm2 box centered on each pneumatophore patch, and are given in

Table 1. A 20 cm2 box was used to provide a representative estimate

of a for the instrument measurements, given the highly heteroge-

neous distribution of pneumatophore roots within the larger 1 m2

quadrats (e.g. Norris et al., 2017).
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2.3 | Sedimentological and morphodynamic data
analysis

In the laboratory, sediment samples were homogenized, mixed with a

0.05% sodium hexametaphosphate solution to prevent flocculation,

and then sonicated for 15 min to disperse the grains. Grain size

analysis was carried out on a Beckman-Coulter LS13320 Laser

Diffraction Particle Size Analyzer (A. Fricke, personal communication,

2018). Particle sizes were classified as sand (2–0.063 mm), silt

(0.063–0.004 mm), and clay (<0.004 mm), following Folk and

Ward (1957). Median grain sizes are reported in Table 1.

The substrates of the experimental sites ranged from predomi-

nantly sandy to predominantly muddy (Table 1). To account for this

variability, one critical shear stress was calculated for each site, using

a model for cohesive or non-cohesive sediments. Sediment samples

were first grouped as cohesive or non-cohesive by the percentage of

mud in each sample, with cohesive beds defined as containing >15%

mud (e.g. Van Rijn, 1993). A critical shear stress was determined for

each sample using the model of Wu et al. (2017), which is applicable

for both cohesive and non-cohesive cases. This model was developed

using experimental data from several laboratory experiments where

the sediment mixture ratios and grain sizes were known. To apply the

model, a user needs only to know the percentages of sand and mud in

each sample, the median diameters (d50) of the sand and mud frac-

tions (Table 1), and the dry density of the sample, which can be

estimated from the mixture d50 using equations 3 and 4 in Wu and

Wang (2006). As a caveat, Wu and Wang (2006) note that the sam-

ple dry density is estimated based on the initial porosity of sediment

deposits. All other parameters required by the model are given in

Wu et al. (2017), and were derived from other laboratory experi-

ments listed in their study. For the cohesive samples, critical shear

stresses were computed from the sediment parameters in Table 1

and the mud fraction diameter dm from Smith et al. (2015), who

measured the shear stresses of sand and Mississippi River mud mix-

tures over a range of 0–100% mud content. For the non-cohesive

samples, shear stresses were computed from parameters in Table 1

and the sand fraction diameter ds from Panagiotopoulos

et al. (1997), who estimated the shear stresses of low mud

content mixtures. See Appendix A for a complete description of the

model.

The BLE was estimated at 10 Hz as the elevation of peak acoustic

backscatter in Vectrino profiles (Figure 3a). The resulting raw BLE esti-

mates were affected by acoustic reflections from suspended sediment

and organic detritus such as leaves and seeds floating in the water

(Figure 3b). Therefore, the instantaneous bed level was de-spiked

using a running median (red curve, Figure 3b) and then visually com-

pared to the depth of maximum backscatter amplitude to confirm its

accuracy (Figure 3a). Generally, a 50 s running median was sufficient,

but in a few cases, either a shorter or longer window was used to pro-

duce accurate bed level traces.

F IGURE 2 Method for estimating patches of
pneumatophore roots from two of the flood tide
experiments, March 11, 2015 (a, b) and March
9, 2015 (c, d). Panels (a) and (c) show the 10-min
averaged current direction measured by the
ADCPs collocated with the Vectrinos as a gray
sector. Current velocity magnitudes averaged
0.1 m s−1 during the March 11, 2015 experiment
and 0.08 m s−1 during the March 9, 2015

experiment. Panels (a) and (c) also show the
dominant wave direction (to) colored by the wave
orbital velocity. The length of bars indicates the
frequency of occurrence. Panels (b) and (d) show
a 20 cm2 subsampled region of each quadrat
survey around the Vectrino (yellow triangle). Light
blue arrows show the dominant flow direction
depicted in panels (a) and (c). Pneumatophore
basal diameters are depicted as black circles. The
definition for the individual pneumatophore
diameter d is shown in panel (b) and the definition
for the patch diameter D is shown in panel (d)
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2.4 | Hydrodynamic data analysis

ADCP data were processed to remove low-quality data

corresponding to correlations below 70% and phase-wrapped veloci-

ties (e.g. Lohrmann et al., 1990). Vectrino and ADV data were simi-

larly processed to remove data corresponding to low correlations

and signal-to-noise ratios, and then were de-spiked (Goring &

Nikora, 2002). When the Vectrinos were mounted close to the bed

(where z ≤ 0.06 m, 63% of experiments; Table 1) such that the

Vectrino profile intersected the bed, the wave bottom boundary

layer (WBBL) thickness was computed for each instrument, which

ranged from 2 to 8 mm across experiments (Norris et al., 2017). All

measurements below the top of the WBBL were removed prior to

analysis. Hydrodynamic parameters were extracted from the middle

bin in the profile (where the signal-to-noise ratio was maximum), or

from the fifth bin in the profile, if the middle bin included the

WBBL. In one experiment, Vectrino heights ranged from 0.08 to

0.13 m (Table 1), and in this case, hydrodynamic parameters were

extracted from different depth bins to provide a relatively consis-

tent height above the bed between instruments. For all data, short

data gaps were filled using linear interpolation. Finally, velocities

were rotated into across-shore (u), along-shore (v), and vertical (w)

coordinates (Figure 1c).

2.4.1 | Significant wave heights

Power spectra were computed from the pressure measurements using

Welch's method (MATLAB, Mathworks Inc.) over 10-min bursts. Each

burst (N = 19 200 samples) was linearly detrended and split into smaller

Hamming-windowed segments (1280 samples) with 50% overlap to

yield spectra with 30 equivalent degrees of freedom. Pressure spectra

were then converted to sea surface elevation spectra, Sη, using linear

wave theory. Significant wave heights, Hs, were calculated by summing

the surface elevation spectra over the frequency band spanning 0.03

and 1.2 Hz, with

Hs =4
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX

SηΔf
q

ð1Þ

where Δf is the interval between resolved frequencies. The peak wave

period, Tp, was assessed as the frequency band in the spectrum

Sη with the greatest energy. Mean values of Hs and Tp for each experi-

ment are reported in Table 1.

2.4.2 | Wave energy flux

Following Dalrymple et al. (1984), for each frequency, the group

velocity cg was calculated from linear theory as

cg =
1
2

1+
2kh
sinkh

� �
g
k

� �
tanhkh

h i2
ð2Þ

where k is the wavenumber (= 2π/L, with L the wavelength calculated

from the linear theory dispersion relation), h is the water depth, and g

is the gravitational constant (= 9.81 m s−2). The spectrum of wave

energy flux was calculated as P(f ) = ρgSη(f )cg(f ), with ρ the density of

seawater (= 1025 kg m−3), using 2048-s detrended Hamming-

windowed segments with 50% overlap and band averaged over two

adjacent frequency bins. This spectrum measures the contribution of

each frequency band to the total wave energy flux. Assessing the

wave energy flux at three positions – on the mudflat, in the forest

fringe, and the forest interior – will shed light on wave dissipation

across the mangrove forest.

2.4.3 | Mean velocity and the dissipation rate of
turbulence

Estimates of the mean velocity and turbulent kinetic energy (TKE)

dissipation rate (ε) were computed from Vectrino velocity measure-

ments every second using a time-centered 3-min window

F IGURE 3 Example raw data from the
experiment conducted on March 6, 2015 at Site
3 used to identify the bed level. (a) Vectrino
acoustic amplitude returns, where the maximum
value of the amplitude (white) is compared to the
averaged BLE (black) from panel (b). (b) Reported
instantaneous (black) and running median (red;
512-point window) of the bottom track of the
Vectrino

NORRIS ET AL. 7



(N = 9000) to produce an averaged 1 Hz time series for the duration

of each experiment. The TKE dissipation rate was calculated for

each Vectrino depth bin using the structure function method of

Wiles et al. (2006), which uses differenced adjacent along-beam

locations (“bins”) up to a number of lags (“bin distances”) along a

profile of vertical velocities (see also Norris et al., 2017). This

differencing technique has proven to be effective at filtering out

large-scale vertical variability, such as wave oscillations, that are not

associated with inertial-subrange turbulence (Lanckriet &

Puleo, 2013; Norris et al., 2019; Wiles et al., 2006). With four

beams, the Vectrino provides two independent estimates of the ver-

tical velocity, w1 and w2. To calculate the dissipation rate of turbu-

lence, velocities were first detrended, then velocity differences

along each of the two vertical velocity profiles were computed for

bin distances ranging from 1 to 5 mm, producing a profile of TKE

dissipation rate estimates up to 30 mm in length. Finally, the two

dissipation estimates (obtained from w1 and w2) were averaged to

produce one estimate per depth bin at a frequency of 1 Hz.

Later, we compare the turbulent kinetic energy (k) to the change

in BLE during one of our experiments, as former research has indi-

cated that TKE, rather than mean currents, is the primary driver of

sediment transport in vegetation (Tinoco & Coco, 2016, 2018; Yang &

Nepf, 2018). Hence, we convert our TKE dissipation rate measure-

ments (ε) to TKE estimates with k = α2(2dε)2/3, where α = 0.9

[e.g. equation 5 of Nepf, 1999] for vegetated cases, and for

unvegetated cases with k = [ε2/3(κz)2/3]/C0,where κ = 0.41, C0 = 0.19

(Pope et al., 2006), and z is the measurement height above the

bottom. For consistency, TKE was estimated at 1 cm above the bed,

noting that the bin corresponding to this height changed as the bed

elevation varied throughout the experiment.

2.4.4 | Bed shear stress under combined waves
and currents

Over submerged, unvegetated surfaces, we assume a logarithmic

velocity profile, i.e.

u zð Þ
u�

=
1
κ
ln

z
z0

� �
ð3Þ

where z0 is the equivalent roughness (m), and u* (m s−1) is the friction

velocity (Soulsby & Dyer, 1981; Whitehouse et al., 2000). The bed

shear stress due to mean currents is given by τc = ρu2� : For vegetated

surfaces, τc can be estimated using the near-bed turbulence-based

shear stress model for vegetated channels developed by Yang

et al. (2015):

τc =

4ρν�u
d

, Red =
�ud
ν

<
4
Cf

ρCf�u2, Red ≥
4
Cf

8>>><
>>>:

ð4Þ

Here, ν is the kinematic viscosity of seawater (= 1.05 × 10−6 m2 s−1), �u

is the near-bottom mean current velocity measured by the Vectrinos,

d is the mean stem diameter, and Cf is the bed drag coefficient, esti-

mated using a semi-empirical equation containing the water depth h

and the median sediment grain size d50 (e.g. Yang & Nepf, 2018):

Cf =
1

5:75log10 2h=d50ð Þ½ �2
ð5Þ

The vegetated shear stress model [Equation 4)] requires Red ≥ 4
Cf
, con-

ditions where the impact of the vegetation on τc is negligible, and for

the frontal area index of the submerged canopy ah ≥ 0.3 to ensure

that turbulence generated at the top of the canopy does not pene-

trate to the bed and modify the near-bed stress. When Red ≥ 4
Cf
, which

represents the conditions in this study, dense pneumatophore cano-

pies generate coherent turbulent structures and strong near-bed verti-

cal velocities, as have been observed at the same location in a former

study (Norris et al., 2019). The second condition of ah ≥ 0.3 is also

satisfied for the cases considered here (Norris et al., 2017).

The wave-induced bed shear stress (τw) is obtained from the

near-bottom wave orbital velocity Uδ and the wave friction factor fw

(Van Rijn, 1993):

τw =
1
4
ρfwU

2
δ ð6Þ

The near-bottom wave orbital velocity was calculated as

Uδ =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2
X

SuvΔf
q

ð7Þ

where the spectrum Suv is obtained by summing the power spectra of

the horizontal u and v velocity components (Wiberg &

Sherwood, 2008) obtained from the lowest depth bin of the

Aquadopp profile. The representative wave frequency, ωr (s−1),

corresponding to Uδis

ωr =

P
ωSuvP
Suv

ð8Þ

where ω = 2πf is the radian frequency (Madsen, 1994). In Equations 7

and 8, the spectrum Suv was summed over the frequency band span-

ning 0.03 to 1.2 Hz, as in Equation 1. The wave friction factor, fw, in

Equation 6 is given by Madsen (1994) as

fw = exp 5:5
Uδ

kwωr

� �−0:2

−6:3

" #
ð9Þ

with coefficients provided by Nielsen (1992). The relation between

the hydraulic roughness length kw and z0 from Equation 3 is kw = 30z0

for fully rough turbulent flow (Jonsson, 1967). From Soulsby (1997),

the time-averaged bed shear stress due to currents and waves (τm,

[N m−2]) is
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τm = τc 1+1:2
τw

τc + τw

� �3:2
" #

ð10Þ

and the maximum shear stress (τb) during a wave cycle is

τb = τm + τw cosϕj jð Þ2 + τw sinϕj jð Þ2
h i1

2 ð11Þ

where ϕ is the angle between the mean currents and the direction of

wave propagation. Finally, we compare τb against the critical shear

stress τcr to determine the occurrence of sediment motion.

The shear stress was estimated using a 3-min window (N = 9000)

to produce a 1 Hz time series for comparison with the other hydrody-

namic parameters. For unvegetated cases, the bed roughness length z0

was computed by fitting Equation 3 using near-bottom across-shore

mean velocity profiles measured by the Vectrinos. τc was calculated

only for bursts exhibiting a logarithmic profile, with the criterion for

adequate fit r2 > 0.8 for regression of u(z) and ln(z). Near-bed points

included in the fits of Equation 3were always five or more of the lowest

profile bins (e.g. those closest to the bed). Consistent with

previous studies (Lacy & Wyllie-Echeverria, 2011; Sukhodolov &

Sukhodolova, 2006), logarithmic profiles were still observedwithin root

canopies of low vegetation density, making it possible to use the esti-

mates of z0 in these cases. Limited sensitivity testing revealed that esti-

mates of z0 were similar to the d50 for sparsely vegetated cases, and so

z0 was set as the d50 for densely vegetated cases. τcwas estimated from

near-bottom velocities, water depths, and local sediment and vegeta-

tion properties using Equations 4 and 5. Estimates of τwwere computed

with Equations 6–9. Finally, the maximum combined current–wave

shear stress τbwas computed with Equations 10 and 11.

2.4.5 | Wavelet analysis

Wavelet analysis was used to examine the relationship between veloc-

ity oscillations and associated fluctuations in BLE beneath each

Vectrino. The near-bed across-shore velocity was compared with the

bed level using a cross-wavelet transform (XWT) and a non-orthogonal

Morlet wavelet with a non-dimensional frequency ω0 = 6 to satisfy the

admissibility condition (Farge, 1992). The Morlet wavelet was chosen

as it balances time and frequency resolution for non-stationary oscilla-

tions in data, such as bed level fluctuations (e.g. Leonardi et al., 2015).

The statistical significance level of the wavelet coherence was calcu-

lated using the chi-squared test for power spectra (Torrence &

Compo, 1998) and 300 Monte Carlo simulations. Software for the

wavelet analysis was provided by Grinsted et al. (2004), who developed

a MATLAB toolbox (http://grinsted.github.io/wavelet-coherence/) to

run the XWT analysis, compute phase angles, coherence, and signifi-

cance levels using the two input signals.

The wavelet analysis was performed on the across-shore velocity

and the BLE time series for the duration of each experiment (Table 1).

Velocities were first averaged over 0.1 s to match the resolution of

the BLE time series. Data were linearly detrended, then histograms of

each time series were plotted to ensure an approximately normal dis-

tribution (e.g. Grinsted et al., 2004). The detrended time series were

then input into the XWT toolbox to produce an M*N matrix of wave-

let coherences, where M is the frequency of the signals and N is time.

Contour plots of squared wavelet coherence spectra (Figure 4) show

time series of frequencies of significant spectral power. The shaded

areas around the edges of the plot represent the cone of influence

(COI), outside of which frequencies of high coherence were disre-

garded (Torrence & Compo, 1998). Intervals of high coherence

between velocity and BLE are bounded by black contour lines

F IGURE 4 Example cross-wavelet transform of the across-shore velocity (u) and the bed level for three across-shore positions: the mudflat
(a), forest fringe (b), and forest interior (c) during the flood tide experiment on March 6, 2015. Coherent movement events were defined where
squared coherence ≥ 0.9. The thick black contours indicate the 5% significance level against red noise, and the shaded areas denote the cone of
influence, where edge effects become important. The phase between the velocity and the bed level is shown as arrows (with in-phase pointing

right, anti-phase pointing left, and the velocity leading bed level by 90� pointing straight up)
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indicating the 5% significance level. Arrows show the phase between

the velocity and bed level, with in-phase pointing right, anti-phase

pointing left, and velocity leading bed level by 90� pointing upward.

2.4.6 | Identification of “coherent events”

The velocity and BLE were significantly coherent over a range of

periods and times during the tidal cycle (Figure 4). A bed level move-

ment event, or simply an “event,” is defined here as a time during

which the squared coherence exceeded 90%. Here, we analyze events

recognizing that most bed level changes were not coherent with

velocity. From the wavelet analysis, the event period ranges from

about 10 s – a lower limit resulting from the averaging interval of the

bed level time series – to tens of minutes. In conducting this analysis,

we made no a priori decision about the appropriate time window,

instead the results of the cross-wavelet transform identified the time

scales associated with coherence between velocity and bed level. The

results of the wavelet analysis identified bed level responses consis-

tent with short-period gravity wave forcing (10 s < f −1 < 30 s) and

long-period infragravity forcing (f −1 > 30 s).

To determine event durations, all wavelet coherence datasets

were subjected to the following procedure: first, values outside the

COI were excluded, and then the periods of high coherence (≥ 0.9)

were identified to determine individual events across all frequencies.

The event length was then determined as the maximum duration of

time across the frequencies encompassed by the individual event. For

example, in Figure 4b, between elapsed times 40–60 min and

2–4 min periods, the event duration was 5 min, and in Figure 4c,

between elapsed times 40–60 min and 4–8 min periods, the event

duration was 12 min. Then, hydrodynamic parameters (across-shore

velocity, bed shear stress, and the TKE dissipation rate) were averaged

over for the duration of each event. This procedure generated a

dataset containing averaged quantities of these hydrodynamic param-

eters as a function of frequency and event duration. Similarly, the net

BLE change over a single event (referred to hereafter as “net BLE

change”) was calculated by subtracting the BLE at the end of an event

from the BLE at its beginning.

3 | RESULTS

3.1 | Hydrodynamic conditions during the
experiments

Time series of depth, mean velocity, significant wave height, and SSC

clearly show differences between neap and spring tide conditions

(Figure 5). Mean depth-averaged currents reached 0.62 m s−1 on the

mudflat during spring tidal conditions. In the forest, tidal currents

were much weaker, with a maximum speed of 0.23 m s−1. The varia-

tion in SSC was strongly dependent on wave-driven resuspension

(Fricke et al., 2017). Low SSC values during neap conditions cor-

responded to the period of lower incident wave energy (March 4–6).

Greater SSC values in the fringe and forest corresponded to spring

tide conditions and larger incident wave energy (significant wave

heights up to 0.7 m during March 8–12). Fringe and forest SSC were

similar, and SSC tended to peak early in the flood tide, often with

lower values during the ebb tide. Although the direction of the instan-

taneous sediment flux varied over the course of the tide, the fort-

nightly averaged sediment flux was directed into the mangrove forest

throughout the experiments (Fricke et al., 2017).

The mean across-shore velocity and bed shear stress decreased

with distance inside the forest during both the flood and ebb tide

experiments (Figures 6a–d). Flow speeds on the mudflat were similar

F IGURE 5 Time series of water
depth, depth-averaged across-shore mean
current velocity ( �uj j), significant wave
height (Hs), and SSC measured by the
Aquadopps. The data presented in this
figure were averaged over 10-min bursts.
Note some instruments were part of the
moveable arrays and so records from a
single location do not cover the full
2-week period. The length of each
experiment (Table 1) is represented by
the shaded areas in each panel
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between flood and ebb tides, whereas speeds in the vegetated

regions decreased between the flood and ebb tides. Maximum bed

shear stresses during the flood (ebb) tides were 1.8 (1.5), 1.4 (1.4), and

0.5 (0.4) N m−2 for the mudflat, fringe, and forest sites, respectively.

Critical erosion thresholds were estimated to be 0.18, 0.26, and

0.32 N m−2 (see Appendix A) for the mudflat, fringe, and forest sites,

respectively, reflecting the increase in cohesive sediment fraction with

distance onshore (Table 1). In the mudflat and fringe sites, measured

shear stresses exceeded their respective critical shear stress estimates

98 and 45% of the time during the flood tide, and 93 and 33% of the

time during the ebb tide. In the forest, shear stress measurements

exceeded the critical value only 46 and 19% of the time during flood

and ebb tides, respectively. Unlike the mean current velocity and bed

shear stress, TKE dissipation rates were largest at the fringe and

smallest inside the forest (Figures 6e and f). The peak of turbulence at

the fringe was related to waves and currents encountering the rapid

transition in vegetation density between the unvegetated mudflat and

the narrow band of dense trees that defines the forest fringe (Norris

et al., 2017).

Across all experiments, the wavelet analysis showed an average

of 7.9 ± 2.2, 8.7 ± 0.7, and 12.1 ± 2.7% of velocity and bed level mea-

surements were significantly coherent in the mudflat, fringe, and for-

est sites, respectively. Such low coherence is not surprising, because

higher-frequency waves often induce persistent deposition or erosion,

which generates substantial bed level changes only after many wave

periods, whereas wavelet coherence would require deposition and

erosion at wave frequency oscillations. The low coherence could also

be explained by migration of bedforms such as wave ripples, which

were observed at all positions along the across-shore transect line at

some point during the experiments. However, based on the sensitivity

analysis presented in Appendix B, ripple propagation speeds are much

slower than wave phase speeds (<1 mm s−1 compared to several

meters per second), so ripple-induced bed level fluctuations were

likely incoherent with the measured velocities. Despite the often low

values of coherence, events were much more frequent at infragravity

frequencies than at incident frequencies. Coherent events at

infragravity periods occurred between 36 and 47% of the time (during

flood and ebb tides), whereas high coherence was rarely observed at

short wind and swell wave periods (≤ 8% of the time).

Synoptic estimates of the wave energy flux from the mudflat,

mangrove fringe, and forest show that infragravity waves also contrib-

ute a higher proportion of total wave power in the forest (Figure 7). In

this example, wave power in the wind/swell waveband (0.1 < f < 1 Hz)

decreased 76% between the mudflat and forest sites (which were sep-

arated by 130 m), while only 21% of the power in the infragravity

band (f < 0.033 Hz) was reduced over the same distance. These

results suggest that low-frequency (e.g. 0.01 Hz) waves were dissi-

pated less than higher-frequency (e.g. 0.1 Hz) waves as they propa-

gate into the forest.

A simple model for wave dissipation (Henderson et al., 2017),

based on a standard drag coefficient model for canopy friction, can

explain the tendency for infragravity waves to attenuate less than

higher-frequency waves in mangroves. The random wave field is rep-

resented as a spectrum, with wave energy distributed across a contin-

uous range of wave periods Tf. For each period in the spectrum,

damping of wave velocities within a near-bed vegetation canopy is

F IGURE 6 Boxplots depicting trends in the mean near-bed across-shore velocity (�u; panels a and b), bed shear stress (τb; panels c and d), and
turbulent kinetic energy dissipation rate (ε; panels e and f) for the mudflat, fringe, and forest sites. Panels (a, c, e) are of the flood tide
experiments, while panels (b, d, f) are of the ebb tide experiments. In panels (c) and (d), the asterisk denotes the average critical shear stress (τcr)
needed to entrain the characteristic sediment type for each area. Refer to Table 1 for the number of experiments in each category
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governed by the dimensionless parameter Λf = CDajujTf/(4π), where

juj is the total velocity magnitude and the stem drag coefficient CD is

assumed to equal 2, as determined by Henderson et al. (2017). Theory

predicts that drag causes minimal reduction in velocity amplitude

within the canopy, relative to the velocity just above the canopy, at all

periods for which Λf � 1. Conversely, for order-one Λf, velocity fluc-

tuations are substantially reduced by drag, and for Λf � 1, in-canopy

velocity fluctuations are reduced nearly to zero. The reduction of

within-canopy velocity leads to a reduction in dissipation, which in

theory becomes significant for order-one Λf, and very large for

Λf � 1. For the pneumatophore canopies considered here, previous

observations show that Λf < 1 and within-canopy velocities are

reduced only slightly by drag at incident-wave periods (Tf = 2–8 s;

Henderson et al., 2017). For longer-period motions, Λf is proportional

to Tf, and exceeds 1 for periods exceeding about 90 s (we calculated

this result using the mean of measured fringe and forest values to

yield a = 0.54 m−1 and juj = 0.13 m s−1). Therefore, consistent with

observations, theory predicts reduced dissipation for waves with

periods comparable to or longer than 90 s (f = 0.011 Hz), whereas

waves with much shorter periods (e.g. f = 0.1 Hz) are more strongly

dissipated.

3.2 | Bed level variability

3.2.1 | Elevation changes over tidal cycles

Table 2 displays bed level statistics for all measurements across all

experiments for the mudflat, fringe, and forest sites. During flood tide

experiments, both the median and net change in bed elevation were

positive for the mudflat and forest sites, indicating accretion, whereas

the fringe experienced erosion. During ebb tide experiments, the pat-

tern reversed, with the fringe accreting and the mudflat and forest

eroding. In total, the net BLE change during the tidal cycle on the

mudflat, fringe, and forest was 4.6, 11.9, and 3.8 mm, respectively.

Bed elevations recorded by three closely spaced Vectrinos, placed

within a dense pneumatophore canopy in the fringe, are shown in

Figure 8a. In this figure, bed level time series were smoothed with a

50-point running mean for display purposes. The “seaward” and “mid-

dle” instruments were situated on either side of a row of pneumato-

phores (black circles in Figures 8b–d), with the third “landward”
instrument farthest away from the roots (also see figure 2 of Norris

et al., 2019). These instruments were deployed well above the bed

(0.24 m, Table 1) to reduce the likelihood of self-scour by the Vectrino

probes. Despite a small total horizontal separation of 30 cm, the BLE

traces for each of the instruments were remarkably different. During

the flood tide, all three positions show substantial variability in BLE.

The greatest erosion occurred under the middle instrument, where

the bed quickly eroded around 7 cm from baseline near the start of

the tide (Figure 8a). Other positions showed moderate erosion, up to

2 cm for the landward instrument, and close to zero net erosion for

the seaward instrument. Relative to the flood tide, the BLE variability

during the ebb tide decreased for all three instrument positions,

although the variability was largest at the middle instrument position,

closest to the pneumatophores.

Also evident in Figure 8a are �2 cm bed level fluctuations with

a 5 to 20-min period, particularly under the seaward instrument dur-

ing the flood tide and the middle instrument during the ebb tide.

The wavelet analysis for this experiment on March 9 was investi-

gated to determine the phase relationship between the velocity and

the BLE for the infragravity-frequency events corresponding to

these bed level fluctuations. During the flood tide for the “seaward”
instrument, 70% of phases were between 45 and 135� out of

phase, with velocity leading the bed level, suggesting that onshore-

directed infragravity flow reinforces flood tide currents, ultimately

resulting in sediment transport at infragravity frequencies. During

the ebb tide for the “middle” instrument, only 58% of phases were

between 45 and 135�, with velocity leading bed level; a lower value

TABLE 2 Bed level elevation statistics for all data across the
mudflat, fringe, and forest experiments. Net BLE refers to the
elevation change between the bed elevation at the end of all
experiments minus the elevation at the beginning

BLE statistics across all experiments (mm)

Tide Area Min Median Max Net

Flood tide Mudflat −10.9 2.4 24.9 10.3

Fringe −71.6 −5.0 39.5 −2.5

Forest −0.2 10.8 28.9 10.0

Ebb tide Mudflat −12.4 −1.9 41.8 −5.7

Fringe −63.9 1.9 12.9 14.4

Forest −13.2 −6.4 0.2 −6.2

F IGURE 7 Wave energy flux during March 6, 2015 computed
from an 80-min long section of pressure records collected at the
mudflat, fringe, and forest (tan, green, and dark green lines,

respectively). 95% confidence intervals are shown at 10× actual size
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F IGURE 8 Bed level elevation during March 9, 2015. (a) Bed level time series across a single flood–ebb tide transition. Vertical black line
indicates high tide, and horizontal dashed black line indicates the initial bed level. The locations of measurements in panel (a) are shown in panels
(b–d) as: seaward, gray circle; middle, dark gray diamond; landward, black star. (b) Bed level prior to the experiment on March 9. (c) Bed elevation

change, computed by differencing bed levels measured before and after the experiment on March 9. (d) Bed level after the experiment on March
9. In panels (b–d), white regions indicate missing data

NORRIS ET AL. 13



possibly due to offshore-directed tidal flow interacting with

onshore-directed infragravity flow. These patterns were consistent

in all of the other experiments; flood tide cases had more wavelet

phases between 45 and 135� out of phase, while ebb tide cases

had fewer.

The map of bed level changes between successive low tides

(Figure 8c) highlights the substantial spatial variability in the bed level

within a small, 1 m2 area and provides broader spatial context for the

three measures of bed elevation (Figure 8a). This map of bed level

change was computed by differencing the bed elevation areas of two

photogrammetric surveys of the field site before and after the experi-

ment on March 9, 2015 (Figures 8b and c, respectively). Hence, the

elevation change depicted in the figure is representative of the

change in bed level across a single tidal cycle. During the experiment,

the maximum absolute bed level change over the tidal cycle was

30 ± 8 mm (the uncertainty in the point cloud alignment). The change

in bed level was clearly affected by the position of the roots, with ero-

sion most common near dense clusters of pneumatophores, and depo-

sition most common farther away from clusters (Figure 8c). Water

pooled in the base of scour pits that formed around the pneumato-

phores, obscuring the bed, so that bed elevation was not resolved in

these regions by the photogrammetic technique (white areas in

Figures 8b–d).

Across all experiments, the relative scour depth S/D measured in

each quadrat is well represented by the established relationship with

the KC number from Sumer et al. (1992): S=D=1:3 1-exp -0:03 KC-6ð Þð Þ½ �
(Figure 9). When combined with the map showing scour around a

pneumatophore patch (Figure 8), and the possible role of scour as an

explanation for observed infragravity wavelet coherence noted previ-

ously, the success of this simple relationship suggests that scour

around pneumatophore patches may be a significant factor causing

bed level changes in mangrove forests.

3.2.2 | Elevation changes over coherent events

Probability distributions of net BLE changes during coherent

infragravity-length events are similar for all three sites (Figure 10).

The number of events retained was 122, 541, and 135 for the flood

tide experiments, and 76, 257, and 79 for the ebb tide experiments;

mudflat, fringe, and forest, respectively. These BLE change distribu-

tions are fairly symmetric around zero, with similar instances of net

accretion and erosion. Most net elevation changes within single

events (i.e. �55% of events for flood tides, and �58% of events for

ebb tides) were between ±16 mm. Larger bed changes exceeding

±40 mm did occur, but only infrequently (< 5%). Therefore, only a few

events result in “large” bed level changes, as shown in Figure 11. In

this figure, the red and blue dots show the outliers (> 1.5*IQR) of net

BLE changes across all mudflat, fringe, and forest sites, with the larg-

est single changes in bed level occurring in the fringe during flood

tides (± 40–50 mm). Across all sites, events resulting in accretion and

erosion sometimes exceeded the net BLE change that occurred over

the full tide (Table 2).

3.3 | Mean velocity and turbulence

Recent laboratory work by Tinoco and Coco (2016, 2018) and Yang

and Nepf (2018) has shown that vegetation-generated turbulence is a

likely driver of sediment transport in vegetation. Specifically, these

F IGURE 9 KC number versus scour depth S normalized by
diameter D of patch or pneumatophore. The black curve is equation 9
from Sumer et al. (1992), symbols are results from the present
experiments. The experiments with the largest and smallest S/D are
labeled (Table 1)

F IGURE 10 Distribution of the net bed elevation changes during
single coherent events for all flood (a) and ebb (b) tides. See text for
definition of an “event.”
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studies demonstrate that the near-bed TKE, k, is a better universal

predictor of resuspension in vegetation than the bed shear stress

driven by mean currents. To better characterize the impact of turbu-

lence on sediment transport in the present study, we focus on a single

experiment (March 6 th, 2015) to examine trends across the mudflat

and mangrove forest. This case was chosen because it was the only

experiment with a complete data record where the instruments were

close enough to the bed to extract near-bottom turbulence estimates

at a constant distance throughout the experiment. Figure 12 displays

time series of both the BLE and TKE for the mudflat, fringe, and forest

sites. When data from the different sites are combined, decreases in

the bed level were generally associated with increases in TKE, and as

expected, greater turbulence was observed in denser vegetation.

However, this trend is less clear when data from each site are consid-

ered separately. At the fringe in particular, high turbulence was some-

times related to both increases and decreases in BLE. This could in

part be explained by the spatial variation in grain size (Table 2) leading

to differences in sediment behavior, noting that cohesive behavior is

expected where mud fractions exceed 15% (Van Rijn, 1993). These

patterns may also be related to small-scale spatial variability on the

scale of pneumatophore patches, or by larger-scale advection of sedi-

ment from other regions. The effects of such spatial variability and

advection may not be well represented by single-point relationships

between TKE and bed level change.

F IGURE 11 Boxplots depicting the
net elevation change for individual events
during flood and ebb tides. The top row
depicts events that resulted in bed
accretion and the bottom row depicts
events that resulted in bed erosion.
Colored dots are outliers, red for the
flood tide, blue for the ebb tide

F IGURE 12 Time series of the BLE (a) and k
(b) for the experiment on March 6, 2015
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Figure 13 presents a more systematic comparison of net BLE

changes as a function of the mean current velocity and TKE during

coherent events. For mean currents, there is a decreasing trend in the

net BLE with increasing current velocity for the mudflat site, with

deposition occurring during weak currents (Figure 13a). In contrast,

although mean currents were weak in the vegetated cases, there was

little deposition. This contrast may be explained by the comparison of

BLE change with TKE (Figure 13b). While there is a trend toward

lower deposition or higher erosion with increasing turbulent energy in

both unvegetated and vegetated cases, considerable scatter around

this trend was observed. Combining the results of Figure 13 and for-

mer statistics of bed level changes (Table 2 and Figure 11) enables

several determinations about the scatter in Figure 13b. The fringe was

a particularly dynamic region, with high turbulent energy and several

substantial accretion and erosion events (Figure 11). Conversely, both

erosion and accretion were usually smaller in the forest. Furthermore,

simple relationships between bed level change and turbulent energy

cannot account for the variability in sediment supply, and the low

deposition rate observed in the forest might result from deposition of

much suspended sediment before water flows farther inside the for-

est (Table 2). Regardless, the patterns observed in Figure 13b are con-

sistent with the concept that TKE, rather than the mean current, may

be a better universal predictor of sediment mobilization across vege-

tated and unvegetated environments.

4 | DISCUSSION

Bed levels were measured within patches of mangrove pneumato-

phore roots of varying densities throughout a tidal cycle. Bursts of

bed level movement were sometimes coherent with near-bed veloci-

ties. Coherence with short-period waves (f −1 < 30 s) was weak, signif-

icant (p < 0.05) in only slightly more than 5% of cases. In contrast,

significant coherence with long-period infragravity waves (f −1 > 30 s)

was more common. Regardless of event duration, the majority of

coherent events resulted in bed level changes that were close to zero

(Figure 10). However, a few coherent events resulted in large bed

level changes, often exceeding the net BLE change over the full tide

(Figure 11 and Table 2).

In general, coherent events associated with infragravity frequen-

cies were much more common in the forest than in the other sites.

Together with the observed reduced dissipation of infragravity waves

compared with incident waves (Figure 7), these results suggest that

infragravity waves likely play a substantial role in sediment transport

inside the mangrove forest. Along the coast of southern Vietnam,

longer-period northeast monsoon waves with a large infragravity

component have been identified as a likely cause of greater sediment

resuspension and coastal erosion of mangrove shorelines (Anthony

et al., 2015; Loisel et al., 2014). The results of the present study are

consistent with these previous observations; resuspension associated

with incident waves was a major driver of SSC throughout the experi-

ments (Figure 5), and large net BLE changes (both accretion and ero-

sion) occurred at all sites (Figure 11). However, across all tides, net

accretion occurred in the mudflat, fringe, and forest (Table 2), indicat-

ing that, at least for the short window of observation, the mangroves

were a net sink for sediment. In a concurrent study of the sediment

dynamics on Cù Lao Dung, Fricke et al. (2017) observed a net land-

ward flux of sediment over the same 2-week period considered here.

Further, their study of the longer-term (decadal) trends in sedimenta-

tion on Cù Lao Dung suggests these patterns we observed over a

short, 2-week period are likely representative of the dominant pro-

cesses acting over longer timescales (Fricke et al., 2017).

Overall, the mean velocity and bed shear stress decreased with

distance landward, while the TKE dissipation rate was greatest in the

fringe (Figure 6). These results reinforce the theory that mean cur-

rents are gradually damped within vegetation and are converted into

turbulence through vegetative drag forces (e.g. Nepf, 1999). High tur-

bulence in the fringe reflects the increased drag and associated dissi-

pation as flows transition from the unvegetated mudflat to densely

vegetated forest fringe (Mullarney et al., 2017b; Norris et al., 2017).

Conversely, increases in the critical shear stress were associated with

increases in the fraction of cohesive sediments with distance land-

ward. Although the estimated critical shear stress values neglect con-

tributions from biotic factors, such as sediment stabilization due to

F IGURE 13 Net change in bed level
during coherent events as a function of �u
(a) and k (b) for the experiment on March
6, 2015. Although considerable scatter
remains, use of k instead of �u is
consistent with TKE-based formulations
for sediment mobilization over
vegetated and non-vegetated surfaces
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microphytobenthos (e.g. by diatom mats; Paterson, 1989), exposure

effects (Nguyen et al., 2019), or destabilization due to bioturbating

macrofauna (Harris et al., 2016), bed movement at all three locations

indicates the critical shear stress was often exceeded throughout the

experiments. The greatest bed mobility was observed in the fringe

(Figure 11), and erosional patterns were highly spatially variable, but

were related to the spatial distribution of root structures over short

distances (Figures 8 and 9). These findings emphasize that intense tur-

bulence generated within pneumatophores plays a critical role in sedi-

ment transport within mangrove forests.

These results are important for future modeling studies that aim

to recreate sedimentary processes in mangroves. (i) The spatial vari-

ability associated with dense patches of vegetation played an impor-

tant role in our observations. Many laboratory studies have used

regular, idealized vegetation analogues, and future examination of

irregular and patchy vegetation may be justified (e.g. Horstman

et al., 2015; Tinoco et al., 2020). (ii) Consistent with recent laboratory

studies (Tinoco & Coco, 2016, 2018; Yang & Nepf, 2018), our field

observations support further examination of TKE, rather than aver-

aged currents, as a promising predictor of sediment mobilization and

deposition across both vegetated and unvegetated environments.

(iii) Many modeling studies of the sediment dynamics of salt marshes

(Fagherazzi et al., 2012 and references therein) and some of man-

groves (Li et al., 2014) assume surface erosion is negligible over vege-

tated surfaces, implying these areas are net sinks of sediment with

zero resuspension. While our results far inside the forest are generally

consistent with this approach, our observations near the forest fringe

are more similar to those in Bouma et al. (2007), who observed scour

around the edges of real and idealized Spartina angelica patches. The

sediment entrained by resuspension near the forest fringe can be

advected by larger-scale flow patterns, such as riverine circulation and

seasonal variation in wind and wave direction (Wolanski et al., 1980;

McIvor et al., 2013), influencing the long-term morphodynamics of

aquatic vegetated systems (Eidam et al., 2017; Fricke et al., 2017).

Variations in vegetation density may influence the transition from

the forest fringe, where turbulence is intensified and scour is

observed around vegetation patches, to the forest interior, where

greater sheltering leads to sediment deposition. Indeed, Table 1 and

Figure 9 demonstrate that denser vegetation patches were associated

with less scour than patches of intermediate density (compare results

for the experiment on 03/09 and 03/12 in Figure 9). On Cù Lao Dung,

the fringe zone extends roughly 30 m onshore and contains a greater

density of mangrove trees and pneumatophore roots than the deeper

forest interior (i.e. n = 102 and 37 m−2, respectively). This decline in

root densities from the fringe sets up a gradient of current and wave

dissipation that is intense near the fringe and declines with distance

landward, eventually creating a sheltered forest interior where sedi-

ment deposition can occur (Henderson et al., 2017; Norris

et al., 2017). In denser forests, such as the Avicennia marina forests

(n = 200 m−2) described in Young and Harvey (1996) and the mixed

Avicennia, Sonneratia, Rhizophora, and Bruguiera mangrove forests

(n = 300–2200 m−2) described in Horstman et al. (2012), this transi-

tion from scour to sheltering would likely occur over much shorter

distances due to more rapid dissipation. Under storm conditions,

enhanced flow would increase energy dissipation within the fringe

and forest region, and would likely erode the deeper forested areas.

Indeed, the intensity of severe storms is predicted to increase in

southeast Asia (Goodess, 2013), and sea levels are predicted to rise

up to 1 m by 2100 in southern Vietnam due to climate change (Thuc

et al., 2016). Rising sea levels, combined with a typhoon recurrence

frequency of �1.9 years (Imamura & Van To, 1997), could create

greater inundation of coastal areas which might alter the sediment

dynamics of coastal mangrove forests. As mangrove health is tied to a

delicate balance between erosion and deposition (Fagherazzi

et al., 2017), these changes could have profound effects for communi-

ties that rely on mangroves for coastal defense, food, and building

materials.

Finally, recent studies by Balke et al. (2011, 2013) have shown

that there are narrow “windows of opportunity” wherein hydrody-

namic conditions are suitable for Avicennia or Sonneratia spp. man-

grove propagules to establish on frontal mudflats or in mangrove

forest fringes. The observations from the present study suggest that

short-lived bed level changes within a single tidal cycle (up to

±50 mm; Figure 11) occasionally exceeded the failure thresholds for

young mangrove seedings (i.e. between 10 and 30 mm; Balke

et al., 2013). Climate change processes, such as increases in severe

weather, could alter the external forcing to mangroves and other

disturbance-driven ecosystems such as salt marshes. Therefore, quan-

tifying the biophysical interactions in these environments is key to

better management and protection of these valuable ecosystems,

now and in the future.

5 | CONCLUSIONS

Field experiments were conducted within a wave-exposed mangrove

forest to quantify the forces responsible for bed level changes over a

tidal cycle. These observations have yielded the following insights

concerning sedimentary processes within this and other coastal man-

grove forests:

1. Substantial variability in depositional patterns was observed over

small spatial scales (< 1 m2) within vegetated areas. Scour around

dense patches of pneumatophores was predicted by standard

hydraulic engineering equations for regular cylinders, so long as

the diameter of the pneumatophore cluster was used instead of

the standard approach of cylinder diameter.

2. Time series of the bed level were sometimes coherent with oscilla-

tions in velocity, with occasional coherence observed at short-

period wind and swell periods, and more frequent coherence at

long-period infragravity frequencies (between 36 and 47% of

cases).

3. Although wave energy decreased with distance inside the forest,

infragravity waves were less attenuated than shorter-period

waves, qualitatively consistent with simulations (Phan et al., 2015)

and simple theoretical predictions (Henderson et al., 2017).
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Consequently, infragravity waves were a likely driver of sediment

transport within the mangrove forest.

4. Erosion and accretion occurred with similar frequency during coher-

ent events, with the largest changes sometimes exceeding the net

bed level change during the tidal cycle. Such scour events may occa-

sionally exceed the failure threshold for mangrove propagules.

5. Consistent with former laboratory studies (Tinoco & Coco, 2016,

2018; Yang & Nepf, 2018), in-situ observations of net accretion or

erosion showed a relationship with turbulent kinetic energy across

both vegetated and unvegetated environments, whereas no con-

sistent relationship was observed with mean currents. This result

reinforces the concept that turbulent energy may be a more useful

predictor of sediment mobilization than mean currents or associ-

ated bed shear stresses.
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APPENDIX A.

ESTIMATION OF CRITICAL SHEAR STRESSES

The method for estimating the critical shear stress of sand and mud

mixtures outlined in Wu et al. (2017) accounts for the different behav-

iors of mixtures with high and low mud contents. In samples with low

mud content, the mixture critical shear stress is linearly proportional

to the mud fraction of the mixture, and is exponentially proportional

to mixtures with a high mud content (Wu et al., 2017). To apply the

method, we supply several variables from our own sediment data that

were collected in the field (Table 1): the sediment d50, ps, and pm, the

percentage of sand and mud in each sample, respectively. Critical

shear stress estimates of erosion were calculated following Wu

et al. (2017):

τcr = τceL + ~τce – τceLð Þexp – α
ps
pm

� �1:2
" #

ðA:1Þ

where ~τce is the critical shear stress of erosion that corresponds to the

porosity of the mud in the sample mixture. The unitless coefficient

α=0:42e−3:38ds is the median diameter (mm) of the sand fraction in

the sample. The critical shear stress of the sediment mixture, τceL,

depends on the mud content, such that

τceL =

τcrn +1:25 τce−τcrnð Þmin pm,0:05ð Þ, pm <5%

τce, pm > 5%

8><
>: ðA:2Þ

with τce the critical shear stress of erosion for pure mud (N m−2),

which is given in Wu et al. (2017) for both the Smith et al. (2015) and

Panagiotopoulos et al. (1997) datasets. The critical erosion threshold

of pure sand, τcrn, was set equal to 0.12 N m−2 (Soulsby, 1997). The

critical shear stress ~τce is dependent on the solid/void mixture volume

ratio, r, and the solid/void volume ratio corresponding to the critical

shear stress of pure mud, rc:

~τce = τce
r
rc

� �1:7

ðA:3Þ

with r = (1 − ϕm)/ϕm, where ϕm is the mud porosity, and rc is given in

Wu et al. (2017) as derived from both the Smith et al. (2015) and

Panagiotopoulos et al. (1997) datasets. ϕm is related to the mud dry

density ρdm by ρdm = (1 − ϕm)ρs, where ρs is the sediment density

(kg m−3). ρdm is calculated by rearranging equation (21) of Wu

et al. (2017):

ρdm =
ρdρsρdspm

ρdps ρs B−1ð Þ−ρdsBð Þ+ ρsρds
ðA:4Þ

where ρds is the dry density of pure sand (set equal to 1555 kg m−3)

and the density of the sediment mixture, ρd = 1−p0m
� �

ρs , where

p0m =0:13+ 0:21= d50 + 0:002ð Þ0:21 (Wu & Wang, 2006). The variable B

is the degree of close packing of particles in a mixture, accounting for
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the portion of coarse particles whose voids are filled with fine

particles:

B=min
PRN

nNcð Þ ,Bmax

	 

ðA:5Þ

where Bmax = 0.65, a limit defined through experimental testing

(Wu & Li, 2017). B is valued between 0 and 1. When B = 0, no filling

occurs, and when B = 1, fines perfectly fill the void space between

coarse particles. The other variables in Equation A.5 are defined in

Wu et al. (2017) as

RN =
pmd

3
s

ps d
3
m

ðA:6Þ

pm=dm
ps =ds + pm =dm

ðA:7Þ

n=0:1124
ds
dm

ðA:8Þ

Nc =
π

sin−1 dm = ds + dmð Þ½ �
n o2

cos 30�ð Þ
ðA:9Þ

where dmand ds are the mud and sand diameters, respectively. To

solve Equations A.6–A.9, we set dm equal to the sample d50 and ds=

0.353 mm (Panagiotopoulos et al., 1997) for the cohesive samples

(>15% mud). For non-cohesive samples, ds was set equal to the sam-

ple d50 and dm = 0.0127 mm (Smith et al., 2015).

APPENDIX B.

ESTIMATION OF RIPPLE GEOMETRIES

The empirical model for wave-generated ripple height, η, and length, λ,

by Wikramanayake and Madsen (1994) and the parameterization

suggested by Styles and Glenn (2002) is

η
Aδ

=

0:3X−0:39 X ≤2

0:45X−0:99 X ≥2

8><
>: ðB:1Þ

λ
Aδ

=

1:96X−0:28 X ≤2

2:71X−0:75 X ≥2

8><
>: ðB:2Þ

where the parameter X for monochromatic waves is defined as

X =
4νU2

δ

d50
ρs
ρ – 1

� �
gd50

h i1:5 ðB:3Þ

where ρs is the sediment density (= 2650 kg m−3) and ν is the kine-

matic viscosity of seawater. The bedform migration velocity, Um, is

related to the volumetric bedload transport flux per unit width, QB,

following Tsoar (1994):

Um =
QB

η 1− ρs
ρ

� � ðB:4Þ

a model based on sand dune migration which assumes the bedform

shape and migration rate are constant. The bedload flux QB is given by

the formulation in Van Rijn (1998):

QB =9:1 g
ρs−ρ

ρ
d50

3
� �0:5

θ−θcritð Þ1:78 Vm

Vmj j ðB:5Þ

where Vm is the depth-averaged current velocity. The Shields parame-

ter θ, and critical Shields parameter θcrit, are respectively given by

θ =
0:5ρfwU2

δ

ρs−ρð Þgd50 1− πη
λ

� �2 ðB:6Þ

and

θcrit =
τc

ρ ρs
ρ −1

� �
gd50

ðB:7Þ

During the experiments, wave orbital velocities ranged from Uδ =

7–29 cm s−1 on the mudflat, Uδ = 5–30 cm s−1 in the fringe, and

Uδ = 1–19 cm s−1 in the forest. Sediment d50 generally decreased

with distance landward, ranging from a maximum of 199.4 μm in

the fringe to a minimum of 35.8 μm in the forest (Table 1). Evaluat-

ing Equations B.1–B.3 for these conditions gives predicted ripple

wavelengths of 0.5–0.12 cm and ripple heights η = 0.08–1.8 cm,

with the largest ripples in the fringe (where it was sandier) and the

smallest ripples in the forest (where it was muddier). The ripple

migration speed Um can then be estimated using Equations B.4–B.7),

with fw and τc estimated using Equations 3–9. Across all three sites,

Um varied between 2.2 and 29 cm h−1, demonstrating that ripples

migrated at speeds that were significantly slower than the wave

orbital velocity. Hence, bed level changes associated with ripple

migration were unlikely to be coherent with instantaneous

velocities.
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