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SPECIAL ISSUE ON SEDIMENTARY PROCESSES BUILDING A TROPICAL DELTA  
YESTERDAY, TODAY, AND TOMORROW: THE MEKONG SYSTEM

A Question of Scale
How Turbulence Around Aerial Roots Shapes the Seabed Morphology 

in Mangrove Forests of the Mekong Delta

By Julia C. Mullarney, Stephen M. Henderson, Benjamin K. Norris, Karin R. Bryan, 

Aaron T. Fricke, Dean R. Sandwell, and Daniel P. Culling

Background photo. Aerial root structures 
(pneumatophores) protrude from the sea-
bed in this photograph of the fringe from 
a mangrove forest in the Mekong Delta. 
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INTRODUCTION 
As the Mekong River approaches 
Vietnam’s East Sea (South China Sea), 
the river channel becomes less steep, the 
river waters lose their carrying capac-
ity, and sediments are deposited to form 
the Mekong Delta. Over geological time, 
much of the land that is now south-
ern Vietnam was created in this man-
ner, although present land-building pro-
cesses may be changing due to dam 
construction, sediment mining, removal 
of marshes, construction of dikes, and 
sea level rise (Allison et al., 2017, and Liu 
et al., 2017, both in this issue). 

Changing marine conditions and the 
flow of the Mekong River, which rises 
and falls each year with the monsoon 
cycle, continually reshape the delta. The 
marine processes at work include the 
action of waves, tides, and storm surges, 
which erode and deposit sediments. The 
many aquatic plants that naturally pop-
ulate delta shorelines further influence 
development of the coastline. Particularly 
notable are intertidal forests of Sonneratia 
caseolaris, mangrove trees that can 
grow to over 10 m in height. The stems, 
branches, roots, and leaves of aquatic 
vegetation act as obstacles to water flow, 

adding a biological dimension to the 
already- complex interactions between 
hydrodynamics and sediment move-
ment within deltaic regions. Mangrove 
trees, in particular, are surrounded by 
intricate aerial root systems that con-
trol gas (oxygen) exchange and salt fil-
tration, allowing these plants to tolerate 
submersion in saline water and to grow 
in oxygen-poor sediments. Across the 
wide variety of mangrove species, aerial 
roots are found in many different shapes 
and sizes, including “stilt,” “knee,” and 
“pencil” forms. The pencil pneumato-
phore roots are predominantly associ-
ated with the Sonneratia and Avicennia 
tree species. Pneumatophores protrude a 
few tens of centimeters above the seabed, 
growing upward from the underground 
lateral roots, which extend from the cen-
tral tree trunk to form a radial, spoke-like 
pattern. Often, tens or hundreds of 1 cm 
diam r roots are found per square meter 
of bed. In the present work, we refer to 
the collection of pneumatophore roots as 
a “canopy.” This term is a common way of 
referring to underwater vegetation, aris-
ing from the similarity to a forest canopy 
influencing the wind. 

Pneumatophores and tree trunks 

enhance the frictional effect (drag) of the 
vegetation on the water column. During 
flooding tides, there is a sudden change 
in drag as currents enter a mangrove for-
est from offshore tidal flats (Mazda et al., 
1997). The vegetation slows the flow and 
causes the water surface to tilt. In the case 
of tidal currents flowing along the for-
est boundary, the frictional effect can 
cause the currents to rotate into the for-
est in a manner resembling the rotation of 
groundwater as it moves across a bound-
ary from high to low hydraulic conductiv-
ity in aquifers (Bear, 1979). On a smaller 
scale, pneumatophores generate stem-
scale turbulence through the processes 
of vortex shedding and eddy generation 
(Figure  1). Larger-scale tidal and wave 
energy is thus converted into dissipative 
wake-scale turbulence (Norris et  al., in 
press). As energy is extracted from the 
flow, turbulent mixing is likely enhanced, 
and the stresses acting at the seabed are 
altered. Turbulent mixing plays an import-
ant role in controlling the vertical distri-
bution of sediments through the water 
column, while bed stress likely controls 
the balance between sediment resuspen-
sion and deposition at the bed. On some 
vegetated shorelines, low-flow zones are 
created that prevent sediment resuspen-
sion and allow deposition to occur (e.g., as 
in salt marshes observed by Pratolongo 
et  al., 2010). However, vegetation does 
not always enhance deposition, and may 
actually encourage erosion (Bouma et al., 
2007; Nardin and Edmonds, 2014; Tinoco 
and Coco, 2016). Given current knowl-
edge, predicting in advance whether veg-
etation will encourage erosion or depo-
sition at a given location can be difficult. 
One impediment to development of 
improved understanding is the scarcity of 
turbulence measurements within vegeta-
tion canopies, which leaves many mod-
els for within-canopy mixing and bed 
stress poorly constrained (Le Bouteiller 
and Venditti, 2015). At great stem densi-
ties, the shear (canopy) turbulence that is 

ABSTRACT. Mangrove forests are highly productive ecosystems that provide many 
physical, societal, and ecological services in tropical and subtropical regions. Accurate 
prediction of the morphological evolution for these areas, in the face of global sea level 
rise and changes in sediment supply, requires understanding of interactions between 
vegetation growth, water flows, and sediment transport. Data presented from a wave-
exposed mangrove forest in the Mekong Delta, Vietnam, include unique measurements 
that resolved water flows in and around the aerial mangrove roots (known as 
pneumatophores) over scales from a few millimeters to hundreds of meters. Flows were 
highly turbulent, with turbulence values sometimes as large as those measured in surf 
zones. These energetic processes appear to stir up sediments, with small scour troughs 
observed around individual pneumatophores, and larger-scale scour around clusters of 
pneumatophores. The vegetation fringe (the boundary between forest and mudflat) was 
a particularly dynamic area, with elevated turbulence levels, greater vegetation densities, 
coarser sediments, and occasional wave breaking. Intense turbulent dissipation 
at the fringe then reduces the energy of shoreward-propagating waves, sheltering 
the forest interior. The small-scale processes appear to be linked with forest-wide 
patterns of sediment transport and deposition. We discuss these links in the context 
of the biophysical interactions that control the changing shapes of deltas worldwide.
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generated at the canopy/ water interface 
cannot penetrate downward to reach the 
bed (Figure  1a,d). Conversely, for lesser 
vegetation densities, shear stress can reach 
the bed, enhancing resuspension of sedi-
ments (Figure 1b,e).

In recent years, substantial progress 
has been made in the area of the inter-
action between vegetation and flow, at 
both small (Nepf, 2012a,b) and large 
scales (Fagherazzi et al., 2012; Coco et al., 
2013; Nardin et al., 2016a). At the small 
scale, work has been conducted in lab-
oratory flumes using mimics or plants 
with approximately uniform or simpli-
fied morphologies. However, natural veg-
etation often has rough surfaces (such as 
the barnacles and bark naturally present 
on pneumatophores) and is highly vari-
able. Even within a single forest or marsh, 
there can exist considerable heterogeneity 
of vegetation characteristics (e.g., density, 
stiffness, length), bathymetry, and hydro-
dynamic forces. Moreover, both plant 

growth and environmental conditions 
vary with seasons, and in order to predict 
longer-term evolution, the strong ecogeo-
morphological feedbacks must be param-
eterized (van Maanen et al., 2015). Such 
conditions contribute to the inherent 
complexity of these regions (Mullarney 
and Henderson, in press). 

The physical and biophysical processes 
within deltas and mangrove forests are 
also modulated by anthropogenic activ-
ities. Many deltas worldwide (including 
the Mekong) support large human pop-
ulations, but are sinking due to sea level 
rise; compaction from water, oil, gas, and 
sand removal; and dam building that 
affects sediment supply (Syvitski et  al., 
2009; Anthony et al., 2015). It is not yet 
clear how recently reported changes in 
Mekong sediment supply (Nowacki et al., 
2015; Darby et al., 2016) may contribute 
to the alteration of this landscape. 

To date, a complete understanding of 
how the small-scale processes contribute 

to and shape the large-scale processes 
is lacking. Indeed, even the appropri-
ate scale over which to measure is still 
an open question. Additionally, in situ 
measurements are often limited, partly 
because many mangrove forests are in 
remote and difficult-to-access areas. 
However, the local processes of sediment 
erosion and deposition, combined with 
sediment supply and transport between 
regions of mangrove forests, need to be 
understood. The subsequent expansion of 
these processes may be critical to delta- 
scale evolution (Fagherazzi et al., 2017, in 
this issue; Bryan et al., in press).

We collected data from a mangrove 
forest in the Mekong Delta to explore the 
complex interactions between vegetation, 
sediment transport, and hydrodynamics, 
considering both small-scale turbu-
lence and larger-scale wave and tidal 
motions. Measurements were collected 
near the wave-exposed seaward fringe 
(i.e.,  the boundary between mudflat 

Shear stress at
bed entrains 

sediment

Increased shear
increases lift forces

Canopy turbulence
cannot penetrate

Deep penetration 
through sparse canopy

Flow forced through
drag-dominated canopy

Reduced drag caused by fewer 
roots increases bed shear stress

Bed turbulence“Canopy” turbulence

a) Submerged, dense canopy b) Submerged, sparse canopy c) Deep, unvegetated

d) Emergent, dense canopy e) Emergent, sparse canopy f ) Shallow, unvegetated

“Stem” turbulence

Each root creates 
eddies of a similar

size to the stem

FIGURE 1. Turbulent processes and velocity profiles within pneumatophore (root) “canopies” (a,b,d,e) and above an unvegetated bed (c and f). Note 
that “stem” scale is used to describe turbulence generated from the pneumatophores to strengthen the analogy with other vegetation types such as 
salt marsh plants. 
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and forest) of a mangrove forest on the 
island of Cu Lao Dung, in the Soc Trang 
Province, Vietnam. The fringe region of 
the forest is predominantly composed of 
Sonneratia caseolaris trees (Bullock et al., 
in press), with Avicennia and Aegiceras 
corinculatum mangroves and Nypa 
fruticans palms within the forest interior 
(Hong and San, 1993). This field site pro-
vides an intriguing location for a study 
because, despite limited physical sepa-
ration (~12 km), the two different sides 
of the island form distinct and contrast-
ing environments. The southwest side 
of the forest is characterized by a more 
coarse-grained substrate, and is prograd-
ing rapidly (average rate of seaward pro-
gradation since 1970 is ~60 m yr–1; Fricke 
et al., in press). On the northeast side, the 
substrate is more fine grained, the for-
est is narrow and more mature, and the 
area has been subjected to erosion since 
2009 (Nardin et  al., 2016b). Moreover, 
the island is subject to seasonal northeast 
and southwest monsoons, which provide 
a range of climatic conditions, including 
exposure to waves from the Vietnam’s 
East Sea and variations in the discharge 
from the Mekong River. 

Our observations focus on small-scale 
hydrodynamic measurements, together 
with characterization of surface sediments 
and vegetation densities. These observa-
tions raise questions relevant to broader- 
scale delta morphodynamics. In particu-
lar, we consider the role of vegetation in 
encouraging deposition in some cases, but 
erosion in other cases. Our case study will 
provide insight not only into the evolution 
of the Mekong Delta but also, by exten-
sion, into the sediment-transport pro-
cesses that govern the changing shapes of 
tropical deltas worldwide. 

FIELD EXPERIMENTS
Scientists from five universities in 
Vietnam, the United States, and New 
Zealand measured water flows, charac-
terized sediment deposits, and mapped 
vegetation patterns within and immedi-
ately offshore of the mangroves on the 
seaward fringe of Cu Lao Dung. This 

international collaboration between 
multiple institutes, coupled with river-
ine, shelf, remote- sensing, and modeling 
studies (see Nittrouer et al., 2017, in this 
issue), provided an exciting opportunity 
to obtain a comprehensive set of measure-
ments over a range of scales. Experiments 
were conducted in September 2014 and 
March 2015, with each experiment last-
ing approximately two weeks. During 
September (the southwest monsoon), 
wind speeds were slow, wave heights rel-
atively small, and river discharge was 
high. March represented the compara-
tively drier northeast monsoonal condi-
tions, with stronger winds, larger waves, 
and lower river discharge.

Hydrodynamic Measurements 
Our observations at each side of the 
island focused on a roughly fringe- 
perpendicular transect, with instrument 
deployments extending 150 m onshore 
and offshore of the forest edge to capture 
the flow transitions and sediment changes 
over the varying substrates and regions 
of different vegetation. Each deploy-
ment location was classified as one of the 
three major environment types: mudflat, 
fringe, or forest. The experiments used 
a combination of fixed instruments that 
remained in the same location through-
out the experiment and movable arrays 
that were left in situ for multiple tides 
before relocation (Figure 2).

a

b

c d

e

gf

FIGURE 2. (a) Location of Cu Lao Dung on the Mekong River Delta. (b) Approximate deployment 
locations across the three different environments (forest, fringe, and mudflat). Brown is mudflat, 
light green with dots shows forest dominated by Sonneratia species, and the dark green shows 
the area mostly inhabited by Avicennia and N. fruticans. The distinction between dominant man-
grove types was digitized from Google Earth and from data sets provided by Bullock et al. (in press).  
(c) to (g) Instrumentation was used in multiple configurations during the field experiments: 
(c) weather station on mudflat, (d) temperature probes, (e) acoustic Doppler current profiler, and 
(f and g) acoustic Doppler velocimeters. The larger instruments provide single point measurements, 
and the smaller instruments are Vectrino Profilers that provide high-resolution (temporal and spatial) 
profiles of velocity. 
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Flow speeds and directions were mea-
sured using a variety of acoustic cur-
rent meters. During longer-term deploy-
ments, acoustic Doppler current profilers 
(ADCPs) generally measured profiles of 
water velocity, sampled every 100 mm 
throughout the entire water column 
(sampling at 2 Hz and averaged over 
2 minutes every 10 minutes to reduce 
noise). For short-duration movable-array 
deployments, ADCPs were often config-
ured in pulse-coherent mode, which pro-
vides profiles of currents with better res-
olution in the vertical (typical cell sizes 
were 25 mm) and a faster sampling rate 
(usually 8 Hz). For our deployments, ver-
tical profile lengths were between 0.2 m 
and 0.45 m. Point measurements of 
velocity were also recorded at 32 Hz by 
acoustic Doppler velocimeters (ADVs). 
Additional instrumentation included 
pressure sensors and conductivity- 
temperature-depth (CTD) sensors. To 
measure small tide-induced lateral pres-
sure gradients, horizontally displaced 
depth sensors were placed in thermally 
insulated flasks with small openings to 
minimize temperature-dependent errors 
in the pressure readings. These flasks were 
buried beneath a couple of centimeters of 
sand to minimize Bernoulli effects (such 
effects would influence pressure mea-
surements if flows were disturbed by the 
presence of the instruments). A weather 
station was deployed to measure winds 
and atmospheric pressure 3.6 m above 
the mud flats, 130 m from the forest edge, 
on the southwest side of the island. 

A novel feature of these experiments 
was the use of three Nortek Vectrino 
Profilers. Designed for laboratory use, 
these profilers required a power supply 
and cabled logging directly to a laptop 
(see Box  1). Although the arrangement 
created logistical challenges in the hostile 
field environment, the advantage was that 
these instruments capture velocity pro-
files at very high temporal (up to 100 Hz) 
and spatial resolution (measurements 
every 1 mm along a 35 mm profile). The 
Vectrino Profilers were deployed in a 
range of configurations on the flats and 

in the forest, both within and above the 
pneumatophore canopy, and at varying 
proximities to pneumatophores.

Although generally of a high quality, 
data underwent evaluation to remove, 
for example, velocity spikes and low- 
correlation data. The dissipation rate of 
turbulent kinetic energy, ε, was estimated 
using the structure-function method 
(Wiles et  al., 2006). Accordingly, tur-
bulence characteristics are extracted by 
measuring how the velocities decorrelate 
along each acoustic beam. This technique 
allows the separation of currents caused 
by turbulence from the oscillatory cur-
rents caused by waves, which decorrelate 
over a much larger scale. This method 
has been successfully employed to esti-
mate turbulence in rivers (MacDonald 
and Mullarney, 2015), in highly turbulent 
swash zones (Lanckriet et al. 2013), and 
in mangroves (Norris et al., in press). The 
dissipation rate, with units W kg–1, is the 
rate for loss of turbulent kinetic energy 
through viscosity to heat, and it is com-
monly used as a measure to character-
ize turbulence. Values range over many 
orders of magnitude, from 10–10 W kg–1 
in the abyssal ocean and stratified lakes to 
10–1 W kg–1 in highly energetic regions 
such as some narrow tidal straits and the 
most energetic of surf and swash zones 
(e.g., Thorpe, 2005).

Vegetation Measurements 
Detailed bathymetric surveying plays a 
vital role in the conventional modeling 
of estuaries. High-resolution bathymetry 
is often required to obtain good model 
skill, and much effort has been devoted 
to development of technologies such as 
multibeam sonar to provide the required 
data. When simulating flow through veg-
etation, measurements of vegetation 
geometry play a similar role, because 
model predictions depend fundamen-
tally on the type of canopy through which 
water flows. However, technologies for 
resolving the complex geometry of nat-
ural canopies have often been very lim-
ited, and many studies have depended on 
old-fashioned hand measurements using 

rulers, calipers, and pencil and paper. In 
our study, we used recently developed 
photogrammetric techniques to bet-
ter resolve the three-dimensional struc-
ture of the numerous stems that com-
pose natural pneumatophore canopies. 
At each instrument deployment site, veg-
etation characteristics were surveyed 
within a 1 m2 quadrat using the method 
of Liénard et  al. (2016). This technique 
involves taking numerous (~200) photo-
graphs of the quadrat from multiple view-
points, then reconstructing a dense three- 
dimensional point cloud using over-
lapping features recognized within mul-
tiple photographs (Figure 3). A computer 
algorithm (“sector slice”) is then used to 
identify the set of points corresponding 
to the location of each pneumatophore 
stem, and stem diameters are determined 
for heights extending from within 1 cm 
of the bed every 5 mm to the top of the 
canopy. From this method, the location 
and number of stems is produced with 
associated vegetation geometries for each 
height “slice.” 

Relative to conventional hand mea-
surements, this method has several 
advantages: a profile of properties is 
obtained over the entire depth of the can-
opy at a much improved resolution, and 
the position of instruments relative to 
every pneumatophore can be more eas-
ily determined. Furthermore, field sam-
pling with this method is relatively rapid, 
with each photo survey completed in 
about 5  to 10 minutes, plus 30 minutes 
of image processing, compared to tens of 
minutes, or even hours, required for tradi-
tional methods. Measurements were col-
lected every 5 mm along a vertical profile 
to provide a variety of key summary sta-
tistics, especially the proportion of total 
canopy volume occupied by solid stems, 
denoted ϕ(z), and the frontal-area density 
with height above the bed, denoted a(z) 
(i.e., the cross-sectional area of stems, nor-
mal to the water-flow direction, per unit 
volume of canopy [units m–1]). The statis-
tic a is particularly important for hydro-
dynamic models because it often appears 
in parameterizations for canopy drag.
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A key feature of our instrument array was the deployment of three syn-
chronized Nortek Vectrino Profilers, which enabled fast measurements (up 
to 100 Hz) at millimeter scales. These instruments are primarily designed 
for laboratory measurements, so some creativity was required to use them 
in the field (Figure B1). Additionally, the remote study site in the Mekong 
Delta, Vietnam, demanded simplicity and redundancy.

The Vectrino is supplied with an AC/DC voltage transformer outputting 
24 VDC and requires a PC for configuration, data display, and logging 
(via RS-422 communication cable). To avoid the safety risks and low effi-
ciency associated with powering the Vectrinos and PC using a battery and 
inverter, we powered the system using two moped 12 VDC sealed lead-acid 
or valve-regulated lead-acid (SLA or VRLA) batteries (of 9–12 amp hours), 
wired in series, and blade fuses. The battery cell connected directly to 
the supplied Vectrino cable. These batteries and fuses are readily avail-
able in Vietnam. A single 12 V battery would power the Vectrino in the 
field, although the instrument would disconnect once power dropped 
below 12 V, thus missing out on 25% of the battery’s charge. Bench tests 
in the laboratory before departure yielded the recommended fuse rating 
(between 0.9 amps and 1.095 amps). This system provided power sufficient 
for 7 to 10 hours of run time.

The power and communication systems required waterproofing for field 
deployment. The power pack (2 × 12 VDC SLA batteries, fuse holder, fuse) 
was housed in a waterproof case with IP68 cable glands. The power cables 
from the power box and the Vectrino communication cables (RS-422, USB 
converter) were all housed in an outdoor waterproof electrical box (here-
after referred to as comms. box) with silicon blocks that clamp on the cables 
when the lid is closed to provide seal. The USB communication cables from 
the comms. box were connected to a laptop housed in a waterproof cover. 
An additional power supply was constructed in a waterproof case using a 
150 W laptop power supply wired directly to a 12 VDC SLA battery that pro-
vided an additional three hours of laptop use (Figure B2a). 

One-hundred-meter RS-422 communication cables were used to distrib-
ute Vectrinos spatially from a central station (e.g., our inflatable kayaks, a 
Vietnamese fishing boat, and our bamboo tree platform; Figure B2). These 
100 m cables can be challenging to keep tidy, but a PVC pipe arrange-
ment provided a simple solution for organization. The three Vectrinos 
were synchronized by connecting all the Sync+ lines together and all the 
Sync– lines together. Data were collected at a sampling rate of 50 Hz 
(baud rate 937500) and saved in 10-minute files. 

a

c

b

Laptop iCapRS-422 Cables

Comms. Box

Power Pack

a

FIGURE B1. (a) Mounted Vectrino Profiler 
on mudflat, and (b) leveling process.

FIGURE  B2. Power and instrumentation set up on (a) kayaks, (b) a 
Vietnamese fishing boat, and (c) a bamboo tree platform. The cable 
organizers are located on the blue kayak, and the orange kayak car-
ries the power supply, communications box, and laptop.

Box 1. Instrumentation Challenges: From the Laboratory to the Field

b
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FIGURE  3. Illustration of the photogrammetric tech-
nique used to obtain high-resolution estimates of pneu-
matophore geometries. (a) Example photograph show-
ing a 1 m2 quadrat placed around pneumatophores and 
acoustic instruments. (b) Photogrammetric reconstruction 
of the dense point cloud (after removal of instruments). 
(c) Pneumatophores represented as three-dimensional 
shapes with individual circular cylinders at each hori-
zontal cross-section elevation and location, fitted to the 
three- dimensional point cloud. Cylinder diameters are 
twice the mean of the radius for each slice as generated 
by the sector-slice algorithm (Liénard et al., 2016).

a

b

c

 
Sediment Measurements
Grab samples, hand samples, and sediment cores were collected to exam-
ine both changes in sediment character over short time scales (between sea-
sons) and rates of sediment accumulation over longer time scales (decadal 
to centennial) across the differing mudflat, fringe, and forest environments. 
Sediment grain size was determined by separating the sand and mud frac-
tions of each sample by wet sieving through a 64 µm sieve, and then fur-
ther analyzing the mud fraction using laboratory particle sizers. To provide 
a snapshot of present-day sediment transport, time series of suspended sed-
iment concentrations were obtained from optical backscatter sensors (OBS), 
which were calibrated using in situ water samples. In general, these sensors 
were co-located with current profilers. Measurements were collected for 6 to 
8 minutes every 10 minutes at either 2 Hz or 6 Hz. 

A VARIED AND CHANGEABLE ENVIRONMENT: 
DIFFERENCES ACROSS MULTIPLE SCALES 
Mudflat-to-Forest Spatial Scale and Seasonal Time Scale
During both seasons, there was a strong alongshore component of flow on 
both sides of the island (toward the west on the southwest side and toward 
the north on the northeast side), likely driven by the larger-scale tidal and 
riverine dynamics. This alongshore component of flow was further enhanced 
on the southwest side by strong alongshore winds (wind speeds were not 
measured on the northeast side). Flow speeds on the southwest reached up 
to 0.62 m s–1 on the mudflat, whereas velocities were generally smaller on 
the more steeply sloping northeast side. Waves were often a major contrib-
utor to the total water velocity and, as with flow speeds, wave heights were 
larger on the southwest side, with maximum significant wave heights on 
the mudflat just outside of the fringe reaching 0.33 m in September and 
0.67 m in March, compared to 0.26 m and 0.51 m on the northeast side, 
respectively (Figure 4e,f).

On entering the forest, the alongshore component of tidal velocities rap-
idly declined, indicating a marked flow rotation to a direction that is approx-
imately perpendicular to the vegetation fringe. Changes in friction drove 
the rotation, with drag coefficients over the whole area estimated to be 
10 to 30 times larger in the forest than on the mudflat (Mullarney et  al., 
in press). Such patterns were observed during both seasons and reflect the 
influence of vegetation on both the small-scale (flow between root canopies) 
and large-scale (system-wide wave and tidal energy damping) flow regimes. 
These flow patterns are comparable to those observed in different mangrove 
systems: flow rotation was seen in a sheltered and channelized mangrove 
system in Thailand (Horstman et  al., 2013, 2015), and Chen et  al. (2016) 
reported a similar flow rotation for a forest in China populated by young 
Kandelia obovata and Aegiceras corniculatum trees. In this latter system, 
trees had a mean height of 1.6 m and did not have a well-developed emer-
gent root system. Hence, the tree trunks, branches, and leaves were the main 
suppliers of friction.

Time series of velocities from instruments that were closely spaced within 
the fringe region suggest that flows are highly variable over 10 m scales (Bryan 
et al., in press). In particular, for the initial stages of the flooding tide (water 
heights <0.5 m), local bathymetric changes such as small runnels, bedforms, 
and scour around patchy vegetation appeared to have a large influence and 
introduced considerable alongshore variability to flow directions.
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Differences were also observed 
between seasons. In high-river-flow con-
ditions (September), salinities on the 
mudflat did not exceed 5 PSU. In con-
trast, under low-flow conditions (March), 
the system was more strongly influenced 
by marine water (salinities up to 22 PSU; 
Figure  4i,j). Waves strongly influenced 
suspended sediment concentrations, with 
mean concentrations around two times 
greater in March than September (Fricke 
et al., in press).

Waves were almost always present, 
although wave heights varied. Under 
larger wave heights, wave breaking was 
widespread and likely contributed to 
alongshore flow in a manner similar to 
that observed on beaches. Wave heights 
decayed as waves propagated into the for-
est. In water depths of 1 m, models suggest 
that wave heights are expected to reduce 
by half by the time the waves propagate 
~100 m into the forest. Although dissi-
pation rates depend heavily on tree and 
root characteristics (Massel et al., 1999), 
these rates are similar to those recorded 
in other vegetated systems. For example, 
Horstman et  al. (2014) reported maxi-
mum reduction rates of 44% at a loca-
tion 100 m into a forest dominated by 
Rhizophora mangle, and Quartel et  al. 
(2007) reported a 25%–50% reduction 
in wave height over 30 m in a forest of 
Kandelia candel. As in salt marsh systems, 
wave dissipation is most intense near the 
fringe (Jadhav et al., 2013). 

Abruptly Changing Conditions 
on the Patch Scale
Even a casual comparison between 
measurements made on various days 
within and outside the forest reveals a 
clear influence of vegetation on turbu-
lence levels. Figure 5a shows a snapshot 
of horizontal velocities on the mudflat, 
well outside the forest, from two ver-
tically separated instruments (10 cm 
and 30 cm above the bed) with water 
depth 0.65 m. A few small wind waves 
(Hs ~ 0.13 m, periods ~ 2 s) are observed, 
and velocities from both heights are sim-
ilar, with slightly smaller peak (negative) 

FIGURE 4. Graphs show (a,b) water depth, (c,d) depth-averaged and burst- averaged veloci-
ties, (e,f) significant wave height, (g,h) suspended sediment concentration (SSC), and (i,j) salin-
ity from the southwest (left column) and northeast (right column) of Cu Lao Dung during the 
March experiment when more energetic wave conditions prevailed. Colors indicate instru-
ments on mudflat (brown), fringe (light green), and forest (dark green). Note some instru-
ments were part of the movable array, so records from a single location do not cover the full 
time. The velocity data were averaged over both a short vertical profile (~0.4 m near bed, 
light green) and the full water depth (dark green lines); mudflat velocities from (c) were single 
point measurements.

FIGURE 5. (a) Horizontal velocities from 30 m in front of the fringe on the mudflat at 0.1 m (red 
solid line) and 0.3 m (black dashed line) above the bed. Wave heights were 0.14 m and water 
depths 0.64 m. (b) Horizontal velocities from the fringe (20 m into trees) at 0.02 m above the 
bed (red solid line) within the pneumatophore canopy and 0.75 m above the bed and 0.15 m 
above the pneumatophore canopy (dashed black line). Wave heights were 0.28 m and water 
depths 1.46 m. Data were collected on (a) September 27, 2014, and (b) March 13, 2015.
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velocities from the instrument closest to 
the bed. Figure 5b shows measurements 
in a water depth of 1.3 m from within 
and above the pneumatophore canopy 
(0.02 m and 0.75 m above bed) under 
similar wave conditions (wave height of 
0.15 m). Although panels a and b do not 
show synoptic measurements, a compar-
ison between the two nonetheless reveals 
some clear contrasts. As expected, in 
panel b, the velocities close to the bed are 

more depth-attenuated than in panel a, 
simply owing to the larger vertical sep-
aration. However, inside the pneumato-
phore canopy, velocities are much more 
variable (see jagged red line) with high- 
frequency fluctuations superimposed on 
the wave flows. These high-frequency 
signals represent the turbulence gen-
erated as water flows back and forth 
past pneumatophores, creating small 
wakes and eddies. In contrast, much less 

high-frequency turbulence is seen on the 
unvegetated mudflat (Figure 5a). 

A sequence of profiles (Figure  6) for 
the dissipation rate of turbulent kinetic 
energy and suspended sediment concen-
trations (SSC) illustrates variability over 
different time scales (5 hrs, 2 hrs, 10 min, 
and 4 min). The estimates are from struc-
ture functions over three-minute win-
dows, so turbulence from individual 
waves is not resolved; however, “hotspots” 
of turbulence are seen (e.g.,  from 
sequences of larger waves, wave breaking, 
and the interaction of multiple wakes). 
Turbulence is highly variable over all time 
scales (changing over four to five orders 
of magnitude throughout the experi-
ment). In contrast, whereas the SSC show 
large changes over hours or each stage of 
the tidal cycle (panels b and d), over short 
time scales, values remain relatively con-
sistent (panels f and h), emphasizing the 
integrative nature of these measurements. 
Turbulent dissipation rates, averaged 
over 10-minute bursts, often exceeded 
10–4 W kg–1, or even 10–3 W kg–1. These 
values are much higher than in typi-
cal estuarine systems (Mullarney and 
Henderson, 2013) and are comparable 
to intensities measured near the bed in 
high-energy surf zones (Trowbridge and 
Elgar, 2001; Bryan et al., 2003; Feddersen, 
2012). Synoptic measurements across 
three environments show that turbulence 
is elevated at the fringe relative to other 
locations (mudflat, forest). 

Properties of the pneumatophore can-
opies, such as stem number and diameter, 
varied with both horizontal and vertical 
location. These parameters are particu-
larly important to measure when defining 
relationships between turbulence levels 
and canopy density. A common contrib-
utor to horizontal variability was the 
grouping of pneumatophores into lines, 
with each line usually marking the pres-
ence of an underlying radial mangrove 
root. Variability in stem heights contrib-
uted to a fairly smooth decline of the key 
parameter a(z) with height, from a max-
imum at the bed to zero at the top of the 
canopy. To account for vertical variability, 

FIGURE 6. (a,c,e,g) Turbulence levels (dissipation rate of turbulent kinetic energy) within the pneu-
matophore canopy showing variability over multiple time scales. The cascade shows 5 hours, 
2 hours, 10 minutes, and 4 minutes of data, with location of each subplot indicated by the shaded 
area between plots. (b,d,f,h) Variability of suspended sediment concentrations (SSC) is shown at 
the same time scales. SSC were measured at the mudflat-fringe transition, and turbulence was 
measured within the vegetation of the fringe. White spaces are data gaps between bursts. HAB is 
height above bed.
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turbulence levels measured by each 
instrument were compared with can-
opy properties measured at that instru-
ment elevation above the bed. To account 
for lateral variability, we aimed to iden-
tify the group of pneumatophores most 
directly responsible for inducing wakes 
(Figure  7a). To achieve this, mean flow 
directions over subsections of the tide 
(low, low-mid, mid-high, and high) were 
determined (Figure 7b). A 20 cm × 20 cm 
bounding box was then chosen to sam-
ple the region upstream of the Vectrino 
(Figure 7c,d), so that the instrument was 
on the downstream boundary of the box. 
After implementing this approach of 
selecting a small sampling box upstream 
of the instrument, turbulent dissipation 
was positively correlated with pneumato-
phore density measured by a(z). The cor-
relations were significant at the 90% con-
fidence interval (p-value <0.1) between 
all four tidal subsections. In contrast, 
simply using a 1 m2 quadrat centered on 
the instrument produced nonsignificant 
correlations for all tidal stages except the 
lowest (Norris et al., in press). This result 
suggests substantial spatial variability in 
turbulence levels throughout the pneu-
matophore canopy, and indicates a need 
to resolve submeter-scale variability 
when comparing turbulence with canopy 
geometry. Although we did not measure 
turbulence around tree trunks in the field, 
we have explored the relative role of tree 
trunks versus smaller pneumatophores 
in numerical modeling of the region. 
Although the tree canopies are visually 
the most dominant feature of the land-
scape, most of these branches and leaves 
do not contact the water, even at high 
tide, and therefore play a diminished role 
in shaping the currents. However, small-
scale pneumatophores can substantially 
affect macroscale flows. 

Turbulence is generated as water flows 
past vegetation stems, so it might be 
expected that the most dense vegetation 
patches at the forest fringe would be asso-
ciated with the greatest turbulence levels. 
Roughly speaking, this expectation was 
supported by observations. Nevertheless, 

it is interesting to note that in princi-
ple, turbulence is not always expected 
to increase with increasing vegetation 
density. In very high-density near-bed 
canopies, wave-frequency motions can 
become so sluggish that only limited tur-
bulence is generated (this corresponds to 
the case shown in Figure  1a, if the vec-
tors in this figure are taken to represent 
the magnitude of the oscillating flow; 
Henderson et al., in press). Consequently, 
there is a canopy density that yields max-
imal dissipation, with lower dissipation 
in both less-dense and more-dense can-
opies. This maximum occurs for order-
one values of the dimensionless ratio, 
Λ  = Tw /(2πTf ), of the wave period (Tw) 
to the time scale for dissipation by can-
opy friction, Tf , (the frictional time scale 

is the time that would be required for a 
reduction in velocity if forces other than 
friction suddenly ceased). The parame-
ter  Λ increases with vegetation density, 
and is a simple function of wave period 
and amplitude as well as vegetation geom-
etry. For the observed Mekong Delta 
pneumatophore canopies, this Λ param-
eter was <1, and dissipation in the dens-
est vegetation patches approached the 
theoretical maximum rates. This obser-
vation might have biological significance, 
because burial of pneumatophores by 
accumulating sediment can reduce man-
grove health, or eventually cause death. 
Consequently, the observed pneumato-
phore canopies, which do not exceed the 
density for maximum dissipation, may 
have adaptive advantages in depositional 

FIGURE 7. (a) Photograph from above showing wakes and eddies generated as water flows past 
pneumatophores. (b) Example of the changing mean flow directions from an instrument on the 
fringe with different stages of the tide indicated by colors: purple shows low tide (LL), light blue is 
low-to-mid tide (ML), green is mid-to-high tide (MH), and pink is high tide (HH). (c) Corresponding 
pneumatophore geometries in 1 m2 quadrat from photogrammetric reconstruction. Black circles 
show basal diameters of pneumatophores, the yellow triangle indicates the location of a Vectrino 
Profiler, and colored boxes show (20 cm)2 subsamples based on velocity directions at different 
stages of the tide and pneumatophores likely to cause wake turbulence. (d) (20 cm)2 subsample 
from the height of the instrument for high tide.
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environments. While these results are 
suggestive, further work is required to 
develop quantitative models for pneu-
matophore effects on bed stress, sediment 
entrainment, and sediment mixing (vari-
ability in sediment size likely also plays a 
role; Nardin et al., 2016c). 

TURBULENCE AND SEDIMENT 
TRANSPORT
After an energetic wave event, reced-
ing tides revealed fresh scour troughs 
around isolated pneumatophore stems 
on the tidal flats (Figure  8). At first 
glance, such erosion resembles a minia-
turized version of the “local scour” often 
seen around artificial pilings (Sumer and 
Fredsøe, 2002). Scour often also extended 

FIGURE 8. Photos taken in the mangrove fringe after an energetic wave event show (a) sand ripples and scour around individual pneumatophore roots, 
(b) scour around individual tree trunks, and (c) scour around patches of roots, with deposition of sand in the gaps between the lines of roots. Red arrows 
indicate a few examples of scour troughs.

a b

c

across entire patches of pneumatophores. 
Conversely, sandy sediment was depos-
ited in gaps between lines of pneumato-
phores, causing locally raised regions of 
the seabed (Figure 8). The processes lead-
ing to this “global scour” extending across 
entire pneumatophore patches are not 
well established, but may differ from the 
simple secondary flow patterns known 
to influence the local scour around an 
isolated obstacle. Such patterns do not 
necessarily require lines of obstacles— 
similar erosion and deposition patterns 
were observed in laboratory experiments 
with a regular staggered array of rigid 
obstacles (Yager and Schmeeckle, 2013).

The high-intensity turbulence we 
observed near the forest edge receives 

energy from the dissipation of incident 
waves. Such intense turbulence could 
well have promoted winnowing of fine 
sediments and caused the observed ero-
sion within pneumatophore patches. 
Interestingly, sediment on the mudflat was 
found to be relatively sandy within a few 
tens of meters of the forest edge, with sig-
nificant grain-size fining over a short dis-
tance into the forest, especially in the low- 
energy September experiment (Figure 9). 
This distance over which bed composi-
tion changes (within 90 m in September 
and 150 m in March) is roughly con-
sistent with the theoretical distance 
over which the waves are expected to 
lose their energy to turbulent dissipa-
tion (Henderson et al., in press). During 
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September, much of the fining was asso-
ciated with greater clay content of sam-
ples farther from the fringe. Such a pat-
tern is consistent with winnowing of fine 
material from the bed near the highly 
turbulent forest edge. Some of this sed-
iment may subsequently be transported 
onshore by flood-tide currents and be 
deposited during slack water at high tide, 
thereby accounting for the more clay-rich 
forest interior. This mechanism is consis-
tent with the observed sediment fluxes: 
a larger and landward flux on the south-
west side of the island, and a smaller and 
seaward flux on the low-energy and erod-
ing northeast side (Figure 9).

Although our observations suggest 
that the distribution of sediments and 
small-scale turbulent processes may be 
linked, many questions still remain. For 
example, it is not clear whether the level 
of turbulence overall was the key parame-
ter controlling sediment transport; inter-
mittent vortices penetrating down to the 
bed and the influence of waves on the 
bed shear stress likely also played a role. 
Much additional work will be required 
before a testable model can be developed 
to predict how the distribution of turbu-
lence controls sediment entrainment. 

 
CONCLUSIONS AND 
CONUNDRUMS
The Fringe—A Hotspot for Change
The mangrove forest of Cu Lao Dung is a 
dynamic environment. When the seabed 
is exposed at low tide, in many ways the 
forest resembles its terrestrial counter-
part, albeit with an unusual understory of 
pneumatophores. However, when inun-
dated and subject to waves propagating 
and breaking through the trees, the envi-
ronment is transformed into a system 
that has similarities not only with low- 
energy estuarine mangrove systems but 
also with surf zones, or structurally com-
plex environments like coral reefs. 

Our experiments reveal that the forest 
is characterized by complex and poten-
tially interacting processes. In particular, 
our measurements show that the forest 
fringe is a dynamic and rapidly changing 

area. Many key interrelated processes 
occur near the fringe (Figure  10). The 
fringe is the location of wave break-
ing and the most intense dissipation of 
energy. Pneumatophore densities tend 
to be greatest at the fringe, causing drag 
and abrupt flow rotation. Turbulence lev-
els are also elevated at the fringe and, 
correspondingly, sediment within a thin 
strip (30 m and 90 m wide on south-
west and northeast sides, respectively) 
along the fringe is much coarser. Hence, 
the amplification of turbulence near the 
forest fringe and the sheltering of inland 
regions may be linked: results suggest 
that fine sediments are likely transported 
from outside of the mangroves into the 
forest interior. The results raise questions 
about the existence of an ecogeomor-
phological feedback in which mangroves 

grow roots in such a density and spac-
ing as to promote scour near pneumato-
phores at the fringe to prevent burial, 
while simultaneously creating low-en-
ergy regions of sediment deposition far-
ther inside the forest, thereby facilitating 
the progradation of the forest. Such pat-
terns would be strongly mediated by the 
grain size and quantity of available sedi-
ments, which depend on the characteris-
tics of the river and the shelf from which 
the sediment is sourced.

Overall, our results suggest that pro-
cesses on small (centimeter) scales influ-
ence the large-scale dynamics across 
the entire forest. In particular, near the 
boundary between mudflat and man-
grove forest, microscale turbulence may 
influence the balance of sediment ero-
sion and deposition into and out of the 

FIGURE 9. (left) Surface-sediment grain size at both sides of the forest and during the two differ-
ent study periods. Pie charts show sand (yellow), silt (brown), and clay (gray) fractions in each sam-
ple. Increasing distances are measured into the forest from the forest edge. (right) Progressive vec-
tors (colored by time) show the direction of sediment fluxes. Vectors are constructed by joining 
the sediment fluxes measured every 10 minutes in a tip-to-tail fashion. All four sets of vectors are 
the same scale. 
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forest, and therefore play a role in the 
morphological evolution of the forest as 
a whole. Our observations suggest a need 
to develop quantitative models for bed 
stress, sediment suspension, and vertical 
mixing in highly turbulent forest fringe, 
as well as the relatively sheltered inte-
rior. Such models will be needed to pre-
dict the morphological resilience of these 
sensitive (often densely populated) envi-
ronments to the increasingly imminent 
effects of sea level rise. 
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FIGURE 10. Processes active near the mangrove fringe: (a) wave breaking within the trees at 
the fringe, (b) abrupt flow rotation. Arrows show water and wind speeds over two days (note 
the different scales of wind and water speeds, shown at the top left of the panel). Arrows are 
colored by pressure signal; red and blue arrows correspond to flood and ebb tide, respectively. 
High-density pneumatophores (c) near the fringe contrast with (d) the forest interior. (e) Largest 
frontal area density measured near the fringe. (f) Largest averaged dissipation rate of turbulent 
kinetic energy measured near the fringe.
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