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Abstract Previous studies have demonstrated that vegetation-generated turbulence can enhance erosion
rate and reduce the velocity threshold for erosion of non-cohesive sediment. This study considered whether
vegetation-generated turbulence had a similar influence on natural cohesive sediment. Cores were collected
from a black mangrove forest with aboveground biomass and exposed to stepwise increases in velocity. Erosion
was recorded through suspended sediment concentration. For the same velocity, cores with pneumatophores had
elevated turbulent kinetic energy compared to bare cores without pneumatophores. However, the vegetation-
generated turbulence did not increase bed stress or the rate of resuspension, relative to bare cores. It was
hypothesized that the short time-scale fluctuations associated with vegetation-generated turbulence were not of
sufficient duration to break cohesion between grains, explaining why elevated levels of turbulence associated
with the pneumatophores had no impact on the erosion threshold or rate.

Plain Language Summary Mangrove habitat grows by retaining sediment. To restore these systems,
it is necessary to understand how vegetation influences the transport and retention of sediment. This study used
sediment cores collected from the interior of a mangrove forest to study how the aboveground roots, called
pneumatophores, influence hydrodynamic conditions and sediment transport, and in particular the onset and rate
of sediment erosion. Individual pneumatophores generate eddies that enhance turbulence, compared to
conditions without pneumatophores. In sandy soil, vegetation-generated turbulence can enhance erosion.
However, in this study, vegetation-generated turbulence did not increase the rate of erosion for natural cohesive
(muddy) sediment, suggesting that the mangrove forest interior has naturally greater resistance to erosion and
sediment loss.

1. Introduction

Coastal vegetation, such as marsh and mangrove, provide valuable ecosystem services. For example, both marsh
and mangrove habitats have been shown to reduce property damage and loss of life associated with coastal storms
(Das & Vincent, 2009; Hochard et al., 2019; Narayan et al., 2017). Aquatic vegetation also creates low-energy
habitats that are important to coastal fisheries (Costanza et al., 1997; Jessup et al., 2021) and are hotspots for
carbon sequestration (Macreadie et al., 2021; Mcleod et al., 2011). Recognition of these benefits has accelerated
the conservation and restoration of these coastal ecosystems worldwide (Waltham et al., 2020).

Mangrove and marsh habitats are maintained and grow, in large part, through their ability to retain and accrete
sediment. Therefore, to restore these ecosystems, it is necessary to understand how vegetation influences the
transport and retention of sediment (Cox et al., 2022; Mullarney et al., 2017; Paola et al., 2011). The hydrody-
namic drag associated with vegetation reduces currents, which has been associated with enhanced sediment
deposition (e.g., Abt et al., 1994). However, vegetation also generates turbulence, which can alter the vertical
distribution of suspended sediment (Norris et al., 2021; Tseng & Tinoco, 2021; Xu et al., 2022). For non-cohesive
sediment, vegetation-generated turbulence both reduces the critical velocity at which resuspension is initiated
(Tang et al., 2019; Tinoco & Coco, 2016, 2018) and, once initiated, enhances the rate of erosion (Xu et al., 2022).
Vegetation-generated turbulence enhances erosion in two ways: (a) by mixing momentum toward the bed, which
increases bed stress (Conde-Frias et al., 2023; Liu et al., 2008), and (b) by directly interacting with the bed and
mobilizing sediment with enhanced instantaneous shear and normal stresses (Celik et al., 2010). However, for
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non-cohesive sediment, the enhancement in mean bed shear stress is not sufficient to explain the enhancement in
erosion rate, indicating that the direct influence of turbulence on resuspension plays the dominant role is setting
erosion rates (Xu et al., 2022). Enhanced erosion within finite patches of vegetation has been observed to reduce
bed elevation, relative to surrounding substrate (Bouma et al., 2007; Follett & Nepf, 2012). In a mangrove forest
fringe, Norris et al. (2021) measured higher turbulence in regions with a greater density of pneumatophores
(above ground roots), and these regions were associated with lower topography, which was attributed to
pneumatophore-generated turbulence enhancing sediment transport.

The previous field and laboratory studies showing that erosion is enhanced by vegetation-generated turbulence
(summarized in previous paragraph) primarily considered non-cohesive sediment. However, cohesion is also
important in the erosion process. Cohesion can arise from the presence of fine grain sizes and organics (e.g., Lamb
et al., 2020; Wu et al., 2018). Sediment cohesion can also arise from bio-stabilization. Sediment often contains
organisms (e.g., bacteria, diatoms, and polychetes) that produce extracellular polymeric substances (EPS) that
enhance sediment cohesion (Grabowski et al., 2011; Tolhurst et al., 2008; Valentine et al., 2014; Widdows
et al., 2004). In particular, the bridging of grains by EPS eliminates the rolling grain motion commonly observed
at the initiation of non-cohesive sediment motion (Packman, 2013).

The purpose of this study was to observe whether, or not, vegetation-generated turbulence impacted the erosion
threshold and erosion rate of natural cohesive sediment retrieved from the interior of a mangrove forest. Cores
with and without pneumatophores were separately exposed to the same sequence of velocity. Although
vegetation-generated turbulence significantly enhanced turbulence levels over the sediment core, measured rates
of erosion were similar between cores with and without pneumatophores, suggesting that vegetation-turbulence
differently impacts cohesive and non-cohesive sediment erosion.

2. Materials and Methods

Sediment cores were collected at two black mangrove (Avicennia germinans) sites in Port Fourchon, Louisiana,
USA, during February 2022 (Figure S1 in Supporting Information S1). Two cores with pneumatophores were
collected at each site. Two sediment cores were also collected from a tidal channel (%2 m width and 1.5 m depth)
at Site A (Figure S2 in Supporting Information S1). The channel cores had no aboveground or belowground roots.
At each site, grain size analysis was done on sediment samples collected from the top 2 cm (Table 1; Table S1 in
Supporting Information S1).

To collect a sediment core, a four-sided acrylic box (20 cm outer side length, 18.4 cm inner side length, and 15 cm
depth) was placed on the sediment surface. A shovel was used to dig around the box to 30-cm depth. The box was
pushed down until its top was at the soil surface. A rope saw was used to cut through the belowground biomass
beneath the core. After the core was removed, a custom-made rubber gasket was placed on the bottom of the box
to secure the sample. Prior to shipment to the Massachusetts Institute of Technology (MIT), the cores were stored
in a laboratory at the University of New Orleans for a week. The cores were regularly misted with water to keep
the soil surface damp, and black plastic covers were placed over each core to prevent light from stimulating
microbial activity. Once the cores arrived at MIT, each core was placed in a 30-L salt-water bath with a salinity of
15 ppt, based on salinity measured in the field during retrieval. The water was stirred daily and replaced weekly.

Experiments were conducted in a recirculating Plexiglas channel with a 283 cm x 20 cm x 39 cm working section
(Figure 1; Figures S3, S4 in Supporting Information S1). A Plexiglas box (solid red line) with a ramp at the
upstream end (dashed red line, Figure 1) raised the flume bed. A core was inserted midway along this raised
section, shown as a brown box in Figure 1. Square acrylic plates (18 cm x 18 cm x 0.8 cm) were placed beneath the
core to push it upward until its surface was flush with the raised test section bed. The water depth, measured at the
downstream end of the flume, was H = 10 cm. A 5-cm high, sharp-crested weir at the downstream end of the
flume was used to fix the water depth.

To investigate the influence of vegetation-generated turbulence, the pneumatophores were removed from one side
of the core. The characteristics of the pneumatophores on the unaltered side of the core are shown in Table 1. A
plexiglass frame consisting of four walls in a trapezoid shape was inserted flush with the core surface (gray lines
in Figure 1 Top View; photograph in Figure S4 in Supporting Information S1). The structure divided the channel
such that half of the core surface was exposed to unidirectional flow and half was completely protected from flow,
with no flow leakage between the sections. The resulting test section width (10 cm) was large compared to the
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Figure 1. In the Top View the channel is set up for a bare core test. Gray lines show the plexiglass frame that divided the
channel such that half of the core was exposed to unidirectional flow and half was completely protected from flow. In the
Side View the channel is set-up for a test with pneumatophores. Arrays of circular dowels were placed upstream and
downstream of core to mimic surrounding pneumatophores present in the field. See Figures S3 and S4 in Supporting
Information S1 for photographs.

pneumatophore diameter (0.65 cm), and the distance between individual roots was comparable to the distance
between the roots and the wall, both of which were large compared to the root diameter. Given these conditions,
the shedding of turbulence from individual plants was not influenced by channel width.

Experiments exposing the %2 core surface with and %2 core surface without pneumatophores were run separately
and in succession. For experiments with pneumatophores, the flow upstream and downstream of the core was
conditioned by an array of emergent cylindrical dowels, which mimicked the influence of surrounding pneu-
matophores that would be present in the field. The dowel diameter, 0.6 cm, was chosen to match the pneu-
matophore diameter, and the dowel solid volume fraction (SVF) was matched to the core (Table 1). A random
array generator code (MATLAB) was used to determine the positions of the dowels.

For each experiment, the core was exposed to stepwise increases in channel-average velocity from 0 to 0.6 m/s.
The channel-average velocity (U, = Q/A,.) was calculated from the flow meter reading, Q, and the cross-
sectional area of flow above the core A.. Before each experiment (i.e., for U, = 0 cm/s), a background wa-
ter sample was taken at the upstream and downstream end of the flume. Next, the pump speed was slowly
increased to the first desired velocity. Suspended sediment concentration (SSC) was measured using two optical
backscatter sensors (OBS, Seapoint Sensors, Inc.), located upstream and downstream of the core (Figure 1 side
view). Each OBS was mounted vertically against the wall and directed across the channel at mid-depth. Since

Table 1

Characteristics of Sediment and Black Mangrove Pneumatophores

Site Dy, (pm) C Core N dyye (cm) ¢

A 14.1 £ 0.6 0.0019 + 0.0010 Al 10 0.61 + 0.03 0.0173 £ 0.0011
A2 22 0.65 + 0.02 0.043 £ 0.002

C 28+3 0.0020 + 0.0002 C1 19 0.47 £ 0.03 0.020 + 0.002
C2 24 0.43 £ 0.02 0.022 + 0.002

Channel 26 0.0013 + 0.0006 Na 0 Na Na

Note. See Section S2 in Supporting Information S1 for grain size analysis. Only one sediment sample was analyzed from
channel. C,is bed friction coefficient. The number of pneumatophores (V) and average diameter, d,,,, are from the side of

s Aaygs
core tested with pneumatophores, which had surface area A, = 169 cm?. The pneumatophore area density n = N/A,,.. The
solid volume fraction ¢ = %ndm,gz.
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the OBS has a 2.5 cm diameter, the sensing volume extended from y = 2.5 to 7.5 c¢m, covering the central
portion of the channel. Once in suspension, the sediment was mixed each time it passed through the pump.
Since this occurred over time scales of minutes, which was much shorter than the time scale for settling (hours),
the vertical profile of SSC was uniform (Deitrick et al., 2023), so that OBS measurements at mid-depth were
representative of the depth average. It is important to note that this is a function of the experimental facility, and
not a function of the presence or density of pneumatophores, and it cannot be generalized to other studies. Once
the OBS voltage stopped increasing with time, indicating that all sediment that could erode at this pump speed
had been eroded, additional water samples were taken at the up- and downstream ends of the flume, and the
process was repeated at the next pump speed. After each experiment, the core was carefully removed from the
flume and placed back in a 30 L salt-water bath. The flume was cleaned and prepared for the next experiment.
The methodology for these erosion experiments was adapted from Widdows et al. (2008).

The water samples were filtered through pre-weighed 0.7-pm pore size, 47-mm diameter glass fiber filters,
which were dried in a 60°C oven for 4 hr, which was sufficient to reach a constant weight. The change in filter
mass and sample water volume were used to calculate SSC. The OBS voltage at the time of water sampling was
averaged over the 30 s it took to collect the water sample. Because the two OBS recorded the same voltage (see
Figure S7 in Supporting Information S1), their data were combined to create a single calibration curve for each
site (Section S3 in Supporting Information S1). Erosion rate, E, was estimated from a linear fit of voltage
versus time when erosion was occurring, which spanned 100-300 s (e.g., Figure S7 in Supporting Informa-
tion S1). The site-specific calibration was used to convert voltage rate of change to erosion rate.

After the erosion experiment for each side of a given core was completed, a Nortek Vectrino was used to record
instantaneous velocity in the streamwise, u(¢), lateral, v(z), and vertical, w(z), directions at two pump settings
(30 and 60 Hz). A five-point lateral profile was made at mid-depth across the downstream end of the core.
Because of the constraints of the Vectrino prongs, velocity was not measured within 3 cm of the wall, and the
lateral profile was limited to the central 4 cm of the channel. Vertical profiles of velocity and TKE were
uniform, such that lateral profiles at a single location were sufficient. The lateral-average of five ADV mea-
surements at mid-depth (U,py) agreed with the channel-average U, to within 13%, with U,/
Uxpy = 1.04 £ 0.13 (SD). At each position, velocity was measured at 200 Hz for 60 s, which was sufficient to
capture mean and turbulent velocity statistics based on convergence tests with longer records. Each record was
decomposed into time-average (&,v,w) and fluctuating (u’(¢), v'(¢), w’(¢)) components. The data was processed
using the Goring and Nikora (2002) method to remove spikes, with the acceleration and velocity thresholds set
to A = 1 and k = 1.5, respectively. The TKE per fluid mass (%(ﬁ +V2 + W)) was laterally averaged and
defined as k;.

For each bare core, the bed shear stress, 7;,, was estimated by extrapolating a vertical profile of Reynolds stress to
the bed, from which a bed stress coefficient Cy = 7,/pU?* was defined. For each site the average of four mea-
surements were used to define the mean and SE (see Table 1). For cores with pneumatophores, the Reynolds stress
profile did not provide a good estimate of bed stress (see Figure S8 in Supporting Information S1), as discussed in
previous studies (e.g., Nepf, 2012; Yang et al., 2016). Instead, for cores with pneumatophores the bed stress was
estimated using the following model developed by Conde-Frias et al. (2023) that estimates the enhancement of
bed shear stress by vegetation-generated turbulence, when this effect is present,

2
7, = p(max(K1 /Rk—e'd,\/c_f Ug)) (D

in which K = 9.5 £ 0.4 is a scale constant, and p is the water density. Re; = % is the stem Reynolds number, in

which v is the kinematic viscosity of water. The first term within the brackets of Equation 1 estimates the bed
shear stress when vegetation-generated turbulence reduces the thickness of the viscous sub-layer, enhancing the
bed stress. The second term estimates the bed shear stress when the vegetation-generated turbulence has no in-
fluence and uses the C,value estimated from bare cases at the same site (Table 1), which was reasonable since the
substrate was the same. The first term is important at low velocity (low Re,) or high SVF (producing high k). In
conditions considered here, Equation 1 estimated that bed stress was enhanced by vegetation turbulence only for
U, <9 cm/s, so that for most conditions 7, = pCy U? was the same for sections with and without pneumatophores.
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However, recall that in this study and for pneumatophores in general the SVF is less than 5%. For higher stem
density the influence of vegetated turbulence on bed shear stress can extend into a higher velocity range (Conde-
Frias et al., 2023). Finally, the critical bed shear stress, 7, ., was estimated as the average between the bed shear
stress for which the measured erosion rate first rose above zero and the previous bed shear stress that did not cause
erosion. The uncertainty in 7;, . came from the resolution of velocity steps. The constant odds method was used to
propagate uncertainty (Kline & McClintock, 1953).

3. Results

For the same channel velocity, the presence of pneumatophores (squares, Figure 2a) was associated with a
higher magnitude of turbulence, compared to conditions without pneumatophores (circles, Figure 2a). Tur-
bulence level increased with increasing SVF, denoted by darker symbol colors in Figure 2a, consistent with
theory and previous experimental studies (e.g., Tanino & Nepf, 2008; Tinoco & Coco, 2016). In non-cohesive
sediment, root-generated turbulence produces scour holes around individual stems in laboratory studies (e.g.,
Hongwu et al., 2013; Tinoco & Coco, 2016), and scour holes have been observed around individual pneu-
matophores in sandy soil near the forest edge (Norris et al., 2021). However, scour holes were not observed for
any velocity in this study, which was consistent with observations with cohesive sediment beds (Vignaga
et al., 2013). The absence of scour hole formation, a precursor to resuspension (e.g., Hongwu et al., 2013), was
one indicator that turbulence had a weaker influence on sediment mobility, compared to non-cohesive
sediments.

Within each core type (denoted by symbol), the erosion rate generally increased with increasing turbulence, but
this was likely due to the correlation between turbulence and channel velocity (Figure 2a). However, across all
core types, there was no discernible dependency on turbulence magnitude (Figure 2b). Further, a critical tur-
bulence threshold for initiating erosion could not be identified in Figure 2b. Instead, erosion rate across all core
types collapsed with a single dependency on bed shear stress (Figure 2¢), and within uncertainty, the critical
bed stress was similar across all core types (Figure 2d).

4. Discussion

Previous studies have shown that vegetation-generated turbulence can enhance bed-shear stress (Conde-Frias
et al., 2023), but accounting for this enhancement does not improve the prediction of non-cohesive sediment
erosion rates (Xu et al., 2022). Instead, for non-cohesive sediment TKE is a better predictor for both the onset and
rate of erosion of non-cohesive sediment within model vegetation (e.g., Tinoco & Coco, 2018; Tseng &
Tinoco, 2021; Yang et al., 2016). However, this was not observed in the present study with natural cohesive
sediment. Although turbulence was significantly enhanced by the presence of real pneumatophores (Figure 2a),
the threshold for erosion could not be related to turbulence magnitude (Figure 2b), and the bed-shear stress was a
better predictor of both the erosion rate and erosion threshold (Figures 2¢ and 2d). Combining observations from
the present and previous studies suggested differences in the effectiveness of vegetation-generated turbulence in
mobilizing cohesive sediment compared with non-cohesive sediment. We hypothesized that this was related to
the different forces resisting resuspension.

To mobilize a non-cohesive grain, hydrodynamic forces must exceed the grain's submerged weight and act long
enough to accelerate it into motion (Diplas et al., 2008). The time needed to accelerate a particle with diameter D is
the particle relaxation time (¢ = pl,Dz/( 18 p), with particle density p,, and fluid viscosity y, e.g. Hinds & Zhu, 2022).
The fluctuation time scale of turbulence generated by reedy vegetation of diameter d exposed to velocity U is T
~ 5 d/U (e.g., Poggi et al., 2004). If the fluctuating shear and normal stresses have time scales 7' > t, then
vegetation-generated turbulence can enhance resuspension. This hypothesis is supported by recent studies with
sand beds. Tinoco and Coco (2016) observed that the velocity at which resuspension was triggered decreased as the
magnitude of vegetation-generated turbulence increased. Xu et al. (2022) observed that the erosion rate of fine
quartz grains was enhanced by turbulence generated by model vegetation. In both studies 7>t (see details in Table
S13 of Supporting Information S1).

In contrast, in the present study, vegetation-generated turbulence had no influence on the velocity threshold at
which sediment erosion was initiated or the erosion rate, which we attributed to sediment cohesion derived from
EPS biofilm. Although we did not measure EPS concentrations, EPS was expected to be present in our cores,
because chlorophyll a (an indicator of EPS, e.g., Taylor et al., 2013; Redzuan & Underwood, 2020), has been
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Figure 2. (a) Turbulent kinetic energy (TKE), k,, versus channel-average velocity, U,,. Blue square markers have lower solid
volume fraction (SVF = 0.020), compared to black square markers (SVF = 0.044). (b) Erosion rate, E, vs. TKE, k,.

(c) Erosion rate, E, vs. bed shear stress, . (d) Critical bed shear stress, 7,, ., for each core type (channel, bare, and with
pneumatophores). Shading indicates the average across all core types, with uncertainty.

measured in the sediment at other black mangrove sites in Louisiana. For example, Powell (2018) reported
chlorophyll a (chl a) levels of 2.7 + 1.8 pg chl a cm™ at Grand Isle, Louisiana and 1.73 + 0.4 pg chl a cm™ at Bay
Champagne, Louisiana. EPS is typically lower in the winter months, which is when we collected the cores, but still
present (Dickhudt et al., 2009; Wiberg et al., 2013; Widdows et al., 2004).

EPS biofilm has elastic behavior, that is, stretching before it breaks, such that forces must act for an extended time
to break the cohesion. Mechanical tests suggest this requires a time scale of order 10 s (Aggarwal et al., 2010;
Ohashi et al., 1999). Similarly, a sediment bed with biofilm cohesion was observed to oscillate before failing, with
oscillations on the order of 1 s (video in SI of Vignaga et al., 2013). These time scales suggest that hydrodynamic
forces must act for a minimum of 1 to 10 s to either initiate oscillations that weaken the biofilm or directly stretch
the biofilm sufficiently to a point of breaking. It is plausible that the time scale of fluctuations associated with
pneumatophore-generated turbulence (7' = 5d,,,/U, = 0.08 to 0.6 s) were of insufficient duration to break the
biofilm cohesion, which would explain why elevated levels of turbulence associated with the pneumatophores
had no impact on the erosion threshold or rate (Figure 2). Similarly, the time scales of vegetation-generated
turbulence are too short to mobilize large grains, which have longer relaxation times, t; ~ D> This explains
why erosion within patches of reedy vegetation has been observed in sand beds (Follett & Nepf, 2012,
D5y = 0.5 mm) but not in gravel beds (Kldsch et al., 2018, D5, = 3 cm).

Another source of cohesion in the mangrove cores was the belowground biomass, especially fine roots, which can
enhance soil shear strength (Cahoon et al., 2003; Evans et al., 2022). Several studies have shown that soil shear
strength increases with increasing belowground biomass (Sasser et al., 2018; Valentine & Mariotti, 2019). A
similar positive correlation between soil shear strength and belowground biomass was observed at our field site
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(A. R. Deitrick, 2023). However, the total mass eroded corresponded to a sediment layer thickness less than
1.4 mm, which was too shallow a depth to be strongly influenced by the matrix of belowground roots. Mangrove
fine root diameters have been measured in the range of 2.5 mm (McKee et al., 2007) and smaller (Xiong
et al., 2017), that is, a single root diameter is comparable in size to the eroded sediment layer.

In the channel cores, but not in the forest cores, we observed infaunal tubes and fecal pellets at the surface
(Figure S7 in Supporting Information S1), which suggested additional sources of cohesion in these cores.
Specifically, tube-building infauna stimulate microbial growth and bind sediment grains through their mucus
production, which enhances sediment cohesion (Clemo et al., 2022; Meadows et al., 1990). Joensuu et al.
(2018) found a positive correlation between critical bed shear stress and polychete Pygospio elegans (tube-
building infauna) density. The stimulation of microbial growth from the tube-building infauna in the channel
cores could explain why 7, and erosion rates were similar between the channel and mangrove cores (Figure 2).

This study suggests that the erosion of cohesive and non-cohesive sediment within vegetated beds follow
different trends, which has implications for how sediment transport with vegetation should be represented in
models. In 2D depth-averaged models, drag associated with vegetation is represented by an increased bed
roughness (e.g., increased bed stress coefficient, Manning's n or Chezy coefficient), which effectively enhances
the bed shear stress within the model (e.g., Baustian et al., 2018). The enhanced roughness represents the
contributions of vegetation form drag in the water column, which produces the vegetation-generated turbulence
Tanino and Nepf (2008). In this way, the enhanced bed stress representation within a 2D model indirectly
captures the influence of vegetation-generated turbulence on resuspension. This approach is suitable for non-
cohesive sediment, for which vegetation-generated turbulence is the main driver of resuspension (Tinoco &
Coco, 2016, 2018; Xu et al., 2022). However, it is not suitable for the cohesive sediment considered in this
study, for which vegetation-generated turbulence did not influence the rate of resuspension. For cohesive
sediment in vegetation, resuspension was better described by the bed shear stress. Therefore, the enhanced bed-
stress required within the 2D momentum balance would over-predict the erosion of a cohesive sediment. To
represent erosion of cohesive sediment a 2D model must separately estimate an actual bed-stress. This could be
achieved by estimating the bed stress coefficient for the substrate (C, = f (Dsq,H) for example, using equations
16a or 16¢ in Julien, 2010) and using it to estimate an actual bed-stress z;, = pC fUz from the modeled depth-
averaged velocity, U,. The actual bed-stress would be used to model the erosion of the bed, whereas the in-
fluence of vegetation on the momentum balance through form drag would be separately parameterized through
the enhanced bed stress representation.

Finally, the critical bed shear stress measured in this study (7, . = 0.10 + 0.05 Pa) was similar to measurements
made in mangrove soils using EROMES (EROsion MEasurement device) (7, = 0.1 to 0.4 Pa, Stokes &
Harris, 2015). The EROMES uses a core with small surface area that excludes aboveground biomass. By
showing that pneumatophore-generated turbulence had no influence on the critical bed shear stress, these re-
sults validate the approach of using sediment cores without aboveground biomass to measure erosion rates in
cohesive soils, as in EROMES.

5. Conclusions

This study considered the erosion rate and threshold of natural cohesive sediment retrieved from the interior of a
black mangrove forest. For the same channel-average velocity, cores with pneumatophores had elevated TKE
compared to cores without pneumatophores, but there was no change in the bed-stress or velocity threshold for
sediment erosion or the erosion rate, relative to bare cores without pneumatophores. This differed from results
obtained with non-cohesive sediment, for which vegetation-generated turbulence both decreases the threshold for
erosion and enhances the rate of erosion. For cohesive sediment, is likely that the short time-scales associated with
vegetation-generated turbulence are not of sufficient duration to break the cohesion between grains, which would
explain why elevated levels of turbulence associated with the pneumatophores had no impact on the erosion
threshold or rate.

Data Availability Statement

The data that supports the findings of this study is available at Figshare (A. Deitrick, 2024) https://doi.org/10.
6084/m9.figshare.26099020, and also provided in the Supporting Information File.
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