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a b s t r a c t

Large areas of mesotidal estuaries become subaerial during low tide. Here we study the effect of several
meteorological and hydrodynamic parameters on the erodibility of mudflat substrates when they are
subaerial. Field measurements carried out over a two-week period in September 2011 in Plum Island
Sound, Massachusetts USA, indicate that high evaporation rates and long subaerial periods are associated
to low sediment erodibility. Sediment concentrations in the water column during submergence depend
on bottom shear stresses triggered by tidal currents. Surprisingly, they are also related to the total
evaporation that occurred in the previous emergence period. We conclude that low erodibility of mudflat
sediments is linked to subaerial desiccation at low tide. This strengthening effect is not lost during the
following submerged period, thus limiting the erosive effect of tidal currents. We thus show that not only
subaqueous but also subaerial processes might control the erodibility of mudflats. Long-term evapora-
tion rates can therefore directly affect the stability of mudflats in mesotidal environments.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Mudflats are an important component of the coastal landscape:
they protect coastal communities from flooding and storm surges
(Scavia et al., 2002; Meire et al., 2005), maintain water quality
through nutrient cycling and pollutant filtration (Van Damme et al.,
2005), and provide a critical foraging habitat for birds and fish
(Little, 2000; Galbraith et al., 2002).

Meteorological and tidal conditions affect sediment erosion and
deposition inmudflats, the geotechnical properties of the substrate,
as well as their biological variability and productivity (Amos et al.,
1988). Anthropogenic stressors such as coastal nutrient pollution
and climate change have the potential to alter the biological and
physical equilibrium of mudflats (Galbraith et al., 2002; Meire et al.,
2005). For example, an increase in the frequency of storms com-
bined with sea level rise could significantly alter erosion rates and
the overall morphology of tidal flats (Mariotti et al., 2010). A thor-
ough understanding of sediment stability in mudflats is necessary
for the management of these delicate environments.

Critical shear stress, the magnitude of shear stress sediments
may withstand before significant erosion occurs, is a key parameter
controlling erosion of tidal flats (Andersen et al., 2007). Tidal flat
sediments are subject to varying shear stresses over tidal cycles due
to water currents (Fagherazzi and Mariotti, 2012) and propagation
of wind waves (Mariotti and Fagherazzi, 2012a). Sediments with
higher critical shear stress are less susceptible to erosion and
therefore are able to withstand higher levels of shear stress before
sediment resuspension occurs.

Numerous studies have shown that the erosion threshold of
cohesive sediments in muddy tidal flats is controlled by a complex
combination of physical, chemical, and biological factors (e.g. Black
et al., 2002; Defew et al., 2002; Perillo et al., 2005; Marani et al.,
2007). Site-specific properties, such as sediment characteristics
(density, organic content, grain size) as well as the presence or
absence of microfauna, submerged vegetation, and biofilms make
the key mechanisms responsible for sediment stability difficult to
discern (Defew et al., 2002).

Mudflats are often colonized by biofilms, of which micro-
phytobenthos (a photosynthetic diatom-dominated assemblage of
unicellular, eukaryotic organisms) is a major component
(MacIntyre et al., 1996). Among other factors, microphytobenthos
growth is susceptible to light, temperature, and nutrient availabil-
ity, leading to seasonal changes in their abundance (Davoult et al.,
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2009). Microphytobenthos produce an extracellular carbohydrate
matrix that may contribute to sediment stabilization (e.g. de
Brouwer et al., 2002; Tolhurst et al., 2003; de Brouwer et al.,
2005; Mariotti and Fagherazzi, 2012b). Previous research has
found a positive correlation between biofilm biomass and erosion
threshold in tidal flat sediments (Underwood and Paterson, 1993;
Black et al., 2002; Tolhurst et al., 2003). The relationship between
biofilm presence and increased sediment stability is thought to be
due to sediment binding and a decrease in roughness and drag on
the sediment surface (Tolhurst et al., 2008a,b). The role micro-
phytobenthos play in sediment stability may vary throughout the
tidal cycle due to their migration within the sediment (e.g.
Paterson, 1989; Miller et al., 1996; Defew et al., 2002).

Studies of tidal mudflats have indicated that the erosion
threshold varies over emersion-submergence cycles and depends
on the environmental conditions sediments are exposed to (Amos
et al., 1988). Erosion threshold has been shown to increase over
tidal emersion periods, but returns to its pre-exposure value once
exposed to tidal submergence (Tolhurst et al., 2006a). Moreover,
rainfall directly falling over a subaerial tidal flat during low tide can
increase resuspension (Chen et al., 2015).

The physical properties of clay soils, which dominate tidal
mudflats, can vary significantly with the degree of hydration (Hillel,
1998). The shear strength increases as the soil de-saturates and the
matric soil potential increases (Zhan and Ng, 2006).

Similarly, seasonal and climatic factors have a great influence on
sediment erodibility when measured over long time periods (Amos
et al., 1988). While temporal changes in sediment erosion threshold
have been studied both seasonally and over single tidal cycles,
changes resulting from variations in daily environmental condi-
tions have yet to be considered.

Here we present results on a field experiment conducted on a
tidal flat in Plum Island Sound, Massachusetts, in September 2011.
This study explores the connections between critical shear stress,
biofilm abundance, and evaporation. Field observations taken
during emersion were used to identify biological and physical fac-
tors contributing to changes in erosion threshold of tidal flat
sediments.

2. Study site

The study took place along the Rowley River Estuary in Rowley,
Massachusetts, within the Plum Island Sound Long Term Ecological
Research site (Fig. 1). The Rowley River forms at the convergence of
the Egypt River and Muddy Run in Ipswich, and covers a drainage
Fig. 1. (a) Map of Plum Island Estuary including study site and Marshview weather statio
courtesy of Google Earth, Imagery Date (a) 04/17/2008, (b) 06/18/2012.
area of 9.6 square miles. The Rowley River flows into Plum Island
Sound, a semi-diurnal estuary connected to the Gulf of Maine that
experiences a mean tidal range of 2.6 m and spring tidal range of
3.2 m. Tidal flats consisting primarily of muddy sediments become
subaerial along the banks of the Rowley River during low tide.
Previous research in this area has found that these environments
support a large population of benthic, pennate diatoms (Tobias
et al., 2003) that are more common in sandy areas within the
Sound (Fagherazzi et al., 2014).

3. Materials and methods

A two-week study into the daily variability in the erosion
threshold of tidal flat sediments was conducted in September 2011.
Field observations were used to investigate how changes in envi-
ronmental conditions impact the erosion threshold of tidal flat
sediments during emersion. Additionally, hydrological and mete-
orological sensors located in proximity of the study site were used
to model the hydrodynamic processes occurring during submer-
gence. This approach was used to determine whether sediment
resuspension during submergence was related to meteorological
conditions during the previous emersion period.

A rectangular transect 6 m by one was established on a mudflat
near the Rowley river. The transect, divided in six 1 � 1m squared
plots, stretched from the salt marsh scarp to the channel (Fig. 1).
The total change in elevation along the transect was less than 0.4 m.
High-resolutionmeasurements of critical shear stress, chlorophyll a
concentration, dry density, and organic content were taken daily.
An acoustic Doppler velocimeter (ADV) was deployed 3 m up-
stream tomonitor hydrological conditions (Fig. 1). A meteorological
station located approximately 2.9 miles from the study site was
used to monitor weather conditions during the experiment. A
detailed description of the instruments and methods used in this
research is reported below.

3.1. Erosion threshold

The erosion threshold of each plot was measured daily using a
Cohesive StrengthMeter, CSM (Widdows et al., 2007; Tolhurst et al.,
1999). CSM measurements were taken only when the study site
was subaerial. The CSM provides a relative erosion threshold for
comparing measurements at different locations. It measures the
erosion threshold of sediments by shooting a vertical jet of water
with increasing force into a chamber applied on the sediment
substrate. This device allows for repeated measurements taken
n. (b) Map of study site transect and ADV location during the measurements. Image



Fig. 2. Calibration of the ADV backscatter signal with suspended sediment concen-
trations measured in the laboratory using in situ surficial sediments.
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over a short time period and a small area, making it ideal for
studying spatial and temporal variability within a single field site
(Tolhurst et al., 2006b). An infrared sensor monitors the turbidity
levels within the chamber to determine the pressure of the jet at
which significant erosion begins. The erosion threshold was
determined as a change in the slope in the plot relating jet strength
exerted by the CSM and turbidity measured within the chamber
(Tolhurst et al., 1999).

The jet pressure of the CSM was converted to stagnation pres-
sure on the sediment surface using the calibration equations re-
ported in Vardy et al. (2007). The stagnation pressure is a measure
of the sediment stability and it was linearly related to the critical
shear stress for erosion by Grabowski et al. (2010). However, this
calibration was carried out for soft, fluvial sediments with a high
fraction of sand and cannot be directly applied to our site that is
characterized by amuddy substrate. Since an exhaustive calibration
of the instrument is not available, we will report the results in
terms of stagnation pressure, as suggested by Vardy et al. (2007). A
similar methodology has been adopted by Spears et al. (2008). Note
that even if the CSM cannot directly measure the critical shear
stress for erosion, it can be used to detect differences in relative
erosion threshold in time and space, and as such it has beenwidely
used by researchers in the recent past (e.g. Spears et al., 2008;
Grabowski et al., 2012; Chen et al., 2012).

Three erosion threshold measurements were taken each day.
Measurements were taken randomly within plots, starting from the
lower plot and endingwith the higher plot and alternating between
even and odd plots daily. Each measurement took approximately
20 min.

3.2. Bottom velocities and shear stresses

Hydrodynamic conditions on the tidal flat were monitored with
a Nortek Acoustic Doppler velocimeter (ADV) deployed 3 m away
from the transect from September 6, 2011 at 12:00 to September
29, 2011 at 00:00 (Fig. 1). The ADV was deployed near plot 1 at an
elevation of �1.032 m relative to mean sea level (Fig. 1). The shear
stress exerted on the tidal flat during each tidal cycle was calculated
from the high frequency velocity measurements of the ADV using
the Reynolds stress method (Andersen et al., 2007).

In addition to the critical shear stress, the rate of sediment
resuspension and related fluxes occurring over tidal cycles is critical
for a complete understanding of sediment erodibility (Amos et al.,
1992). Here we assume that the sediment concentration
measured at this location is a proxy for sediment resuspended in a
larger part of the sound and funneled in the river during flood.
Similarly, the shear stresses measured at this location are a proxy
for the shear stresses exerted in other tidal flats downstream in the
river and sound and, more generally, a proxy for tidal forces acting
on surfaces at similar elevations. We chose the maximum sediment
concentration during flood as a proxy of sediment resuspended and
advected from the sound in the river, and the maximum shear
stress during flood as a proxy of tidal forces.

Backscatter intensity recorded by the ADV was used herein as a
proxy for suspended sediment concentration (Ha et al., 2009;
Chanson et al., 2008). The backscatter signal is generated from
sound pulses reflecting off particles suspended in the water col-
umn. Measuring the suspended sediment concentration with an
ADV allows for water velocity and shear stress measurements to be
taken in conjunction. The maximum backscatter recorded by the
ADV during each tidal cycle was used as an indicator of sediment
resuspension in the sound and it is compared to the total evapo-
ration from the preceding emersion cycle. Backscatter for each ADV
measurement is calculated as the average of the signal/noise for the
x, y and z components. The backscatter signal was calibrated in the
laboratory with sediment collected at the field location (Fig. 2).
Sediments were collected in the first centimeter of the tidal flat

bottom and mixed in a tank with water taken at the site to produce
different suspended sediment concentrations (SSC). The ADV
backscatter was measured for each sediment concentration in the
tank. A linear fit between ADV backscatter in dB and the logarithm
of the sediment concentration yielded a correlation coefficient
R2 ¼ 0.92, p < 0.05 (Fig. 2, see also Fugate and Friedrichs, 2002). The
maximum backscatter during flood occurs generally 1e1.5 h after
tidal flat submergence (Fig. 3).
3.3. Emersion period and variations in bed elevation

The ADV pressure sensor was used to determine when the tidal
flat was subaerial submerged during each tidal cycle. The time of
exposure and submergence were determined by fitting a poly-
nomial on the pressure data and then extrapolating the time
equivalent to a zero pressure. This value was used to calculate the
length of time the tidal flat was subaerial prior to the measurement
of the critical shear stress.

Changes in mudflat elevation were determined using the ADV
acoustic ping measurements. The ADV was firmly mounted on
auger frames and remained at a constant elevation throughout the
experiment. An acoustic ping measured the distance from the in-
strument to the bed surface at the beginning and end of each
measurement period. The net variation in bottom elevation during
each tidal cycle was calculated as the difference between the
maximum distance from the ADV (which represents the maximum
erosion) and the final distance before exposure. Both the bed
elevation and effective deposition during the previous submer-
gence period were considered as possible factors affecting daily
changes in critical shear stress.
3.4. Chlorophyll a

Duplicate subcores were taken in each of the six experimental
plots on alternate days for analysis of chlorophyll a. The subcores
were 1 cm in diameter and sampled the top 1 cm of tidal flat
sediment. Eachwas divided into 0.5 cm increments and frozen until
analysis. For sediment chlorophyll a concentration analysis, sedi-
ment subcore sections were thawed, sonicated, and extracted in



Fig. 3. A) absolute velocity, B) bottom shear stress, C) Sediment concentration as a function of time from 9/23/2011 to 9/28/2011. The dotted lines in all three graphs represent water
levels (value zero when the flat is subaerial).
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90% acetone overnight (Dalsgaard, 2000). Extracted samples were
then centrifuged and 2 mL aliquots were analyzed for chlorophyll a
fluorescence on a Turner Trilogy Fluorometer.

3.5. Sediment characteristics

Syringe core samples were used to monitor changes in the
density and organic content of each plot. A 15 cc sediment sample
was taken each day in conjunction with the erosion threshold
measurements. The samples were dried in an oven at 60 �C, and
weighed to determine dry density. The samples were pulverized
with a mortar and pestle, weighed and put into an oven at 500 �C
for 18 h, and re-weighed to determine the percent organic material
in the sample. Soil temperature was measured once per day before
the CSM measurement using a Decagon 5 TM Water and Temper-
ature Probe and ProCheck Handheld reader.

A 50 cc sample was taken from each plot on the first and last
days of field observations. The samples were sieved to determine
the percent of sand and silt/clay present at the study site and
determine any variations in grain size of the sand across the tran-
sect. The median grain size of sand was determined using the
geometric method of moments in GRADISTATv8 (Blott and Pye,
2001).

3.6. Meteorological conditions

Aweather station run by theMarine Biological Laboratory (MBL)
at Marshview Field Station was used to monitor daily meteoro-
logical conditions (Fig. 1). All data were collected using a Campbell
Scientific CR10X data logger and averaged for 15 min. Air temper-
ature and relative humidity were measured using a Vaisala
HPM45C. Wind speed was measured using a RM Young 05103.
Precipitationwas recorded using Texas Electronic TE525WS-L. Solar
radiation was measured using a Licor LI200X-L pyranometer. All
sensors were mounted 3.048 m (10 feet) above ground level. The
weather station is located in a more sheltered area with respect to
the Rowley River, with sparse trees possibly reducing wind speed.
Therefore wind speed could be quite different at the site.
3.7. Evaporation rates

Changes in daily meteorological conditions affect the rate of
evaporation and therefore the soil characteristics of tidal flat sed-
iments. The evaporation rate was calculated using the temperature
of the sediments collected together with the erosion threshold and
weather data at the time of tidal flat emersion. The evaporation rate
was calculated using the mass transfer approach when the sedi-
ment temperature was available (i.e. tidal cycles when the erosion
threshold was measured). The evaporation E reads (Dingman,
1994):

E ¼ KEvaðesoil � eairÞ (1)

where KE is the efficiency of vertical water vapor transport, va is
wind speed, and esoil and eair are the vapor pressures of the soil
surface and air respectively. KE is calculated as (Dingman, 1994):

KE ¼ DWV

DM

0:622ra
Prw

1

6:25 ln
��

zm�zd
z0

��2 (2)

where DWV is the diffusivity of water vapor, DM is the diffusivity of
momentum, zo is the roughness height, zd is the zero-plane
displacement, zm is the elevation at which wind speed is
measured, P is the atmospheric pressure, ra and rw the densities of
air and water respectively.

The vapor pressure of air and soil are (Dingman, 1994):
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eair ¼ 6:11 Wa exp
�

17:3Tair
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�
; esoil

¼ 6:11 exp
�

17:3Tsoil
Tsoil þ 237:2

�
(3)

whereWa is the relative humidity, Tair and Tsoil are the temperature
of the air and soil in oC.

Penman's equation was used to estimate the evaporation rate
when soil temperature data were absent (i.e. when erosion
threshold measurements were not taken). According to this equa-
tion, the rate of evaporation is calculated as (Dingman, 1994):

E ¼ sðTairÞðK þ LÞ þ YrlvKEvaesatðTairÞð1�WaÞ
rlvðsðTairÞ þ YÞ (4)

where K is solar radiation, L is net long wave radiation, va is wind
speed, Y is the psychometric constant, KE is the efficiency of vertical
water vapor transport, lv is the latent heat of vaporization, s(Tair) is
the slope of saturation vapor pressure curve and esat(Tair) is the
vapor pressure of air at saturation. KE is calculated using Eq. (2).
Published constant values were used for the latent heat of vapor-
ization (2257 kJ/kg), the psychometric constant (0.66 mbar/C) and
density of water (1000 kg/m3). s(Tair) and esat(Tair) are calculated as
(Dingman, 1994):

sðTairÞ ¼
25083

ðTair þ 237:3Þ2
exp

�
17:3 Tair

Tair þ 237:3

�
(5)

esatðTairÞ ¼ 6:11 exp
�

17:3Tair
Tair þ 237:3

�
(6)

Net long wave radiation, L, is calculated as the difference be-
tween incoming atmospheric radiation, Lat, and radiation emitted
by the sediment surface, Lw, (Abramowitz et al., 2012; Dingman,
1994):

L ¼ Lat � Lw
Lat ¼ ð031eair þ 2:84 Tair � 522:5Þ*:001
Lw ¼ εwΟ0ðTair þ 273:15Þ4

(7)

Published constant values were used for the emissivity of water,
Ɛw (0.97) and the Stefan-Boltzmann constant Ο0 (5.67 � 10�11 kW/
m2K4).

In order to calculate the efficiency of vertical water vapor
transport, KE, an acceptable roughness height, z0, had to be deter-
mined for the study site. This was computed by comparing the rate
of evaporation calculatedwith the Penman's equation (Eq. (4)) with
the rate computed with the mass transfer approach (Eq. (1)). A
value of z0 ¼ 0.158 m was found by minimizing the mean squared
error between the results of the two methods.

The evaporation rate was multiplied by the length of exposure
to determine the evaporation that occurred prior to the erosion
threshold measurement. Exposure time was determined by the
ADV pressure data; time of critical shear strength measurements
was taken from the CSM measurement timestamp. Total evapora-
tion during emersionwas instead defined as evaporation rate times
the total period of tidal emersion. Exposure and submergence time
were determined by the ADV pressure data, after correcting for
atmospheric pressure using the data from the weather station.
3.8. Statistical analysis

A multi-faceted approach was used for the statistical analysis of
the field observations component of this study. To test whether
bottom sediment characteristics (percent of mud, dry density, and
percent of organic matter) changed during the study, differences
between measurements taken in the same plot of each transect on
different days were tested using a two-way ANOVA. The influence
that each measured factor (chlorophyll a, sediment characteristics,
and meteorological conditions) had on the erosion threshold was
determined through a correlation analysis. The combined influence
of all variables reporting a significant correlation with erosion
threshold was determined through a multiple regression analysis.

The influence the maximum shear stress exerted on tidal flat
sediments was analyzed using correlation analysis. Similarly, a
correlation analysis determined the influence the total evaporation
over emersion periods exerted individually on the maximum
sediment concentration measured during the following flood
period.

Amultiple regression analysis was used to determine howmuch
of the variability seen in the maximum sediment concentration can
be accounted for by considering total evaporation and bottom shear
stress together. The Cook's distance approach was used to identify
outliers (Cook, 1977). We checked whether any data point with a
Cook's distance Di > 4/n, where n is the number of observations,
was influencing the linear regressions.

4. Results

4.1. Sediment characteristics

Sediment characteristics along the transect remained relatively
unchanged throughout the experiment. Average dry density fluc-
tuated daily between 900 and 1100 kg/m3. Although some fluctu-
ations in the daily dry density were recorded, no trends were found
in these fluctuations.

Percent organic material in the plots showed no significant
change over the duration of the experiment. The mean percent
organic material varied daily from 3 to 4.5%; however, no trend
emerged from the data. Finally, little variation without any clear
trend in grain size was seen from samples taken at the beginning
and end of the experimental period. Samples from each plot at the
beginning and end of the experiment showed the sediments were
approximately 60e65% clay/silt and 35e40% sand.

4.2. Factors controlling substrate critical shear stresses

Erosion threshold was not related to the elevation of each plot
with respect to mean sea level (R2 ¼ 0.09, p > 0.05). A significant
difference was found in the daily erosion threshold measurements
taken within the same plots on different days (p < 0.05), implying
that variations in daily environmental conditions were affecting
sediment erodibility within the plots (Fig. 4).

Correlation analysis showed that the length of exposure to air
prior to the CSM measurement cannot explain the differences in
erosion threshold. In fact, the variability in erosion threshold
increased as sediments were subaerial for a longer period of time.
When the daily evaporation rate was considered together with the
length of exposure (total evaporation), a monotonic trend was
detected, with erosion threshold growing as a function of total
evaporation (Kendall's t ¼ 0.30 with p < 0.05, Spearman's r ¼ 0.42
with p < 0.05). Moreover a significant linear correlation between
the erosion threshold and the square root of the total evaporation
was found (R2 ¼ 0.36, p < 0.05, statistical power p ¼ 0.95) (Fig. 5A).

A negative linear relationship was present between chlorophyll
a and the erosion threshold of tidal flat sediments (R2 ¼ 0.23,
p < 0.05, statistical power p ¼ 0.58) (Fig. 5B), indicating that
microphytobenthos were fewer when the sediment was stronger
(Kendall's t ¼ �0.37 with p < 0.05, Spearman's r ¼ �0.56 with



Fig. 4. Erosion threshold in each of day of the experiment. The solid circles are the
single measurements while the white circles are the daily averages.
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p < 0.05). No statistically significant relationship was found be-
tween chlorophyll a concentration and the total evaporation
calculated prior to the CSM measurements (p ¼ 0.08, statistical
power p ¼ 0.41, Fig. 5C). It should be noted that the time at which
chlorophyll a samples were taken was not recorded and we used
the time of the CSM measurements as a proxy. As a consequence
the relationship between total evaporation and chlorophyll a may
be stronger than depicted in this analysis. The erosion threshold of
tidal flat sediments was also found to be positively correlated to the
average distance between ADV and sediment bed (p ¼ 0.03). The
distance from the sediment bed varied during the entire deploy-
ment between 28.5 cm and 29.5 cm. The relationships between
chlorophyll a and erosion threshold and between chlorophyll a and
total evaporation might be affected by the limited number of data
points and by the depth of the sediment cores used for the analysis.
Chlorophyll a is usually concentrated in the top 2 mm, so a 5 mm
deep core might dilute the Chlorophyll ameasurement and weaken
the relationships with other variables (e.g., Kelly et al., 2001).

A multiple regression analysis was used to determine which
significant variables from the correlation analysis were collectively
contributing to changes in the observed erosion threshold of the
tidal flat sediments. Average change in bottom elevation was not
significant when combined with total evaporation in a multiple
regression analysis. Similarly, total evaporation and chlorophyll a
were not significantly correlated with erosion threshold when
considered together in a multiple regression analysis.
Fig. 5. Relationship between (A) erosion threshold and squared root of total evapo-
ration, (B) erosion threshold and concentration of chlorophyll a, (C) concentration of
chlorophyll a and total evaporation.
4.3. Factors affecting water turbidity on the Rowley River tidal flats

Acoustic backscatter recorded by the ADV during the flood
period was used as a proxy for sediment resuspension occurring on
the tidal flat as well as for sediments remobilized in several tidal
flats within Plum Island Sound and then funneled in the Rowley
River.

The sediment concentration recorded by the ADV appears to
grow with maximum shear stress exerted locally on the tidal flat
(Kendall t ¼ 0.34 with p < 0.05, Spearman r ¼ 0.46 with p < 0.05)
and to decrease as a function of total evaporation recorded during
the previous tidal cycle (Kendall t¼�0.37 with p < 0.05, Spearman
r ¼ �0.51 with p < 0.05). The logarithm of the sediment concen-
tration also linearly correlates with the logarithm of the maximum
shear stress (R2 ¼ 0.34, p < 0.05, statistical power p ¼ 0.98, Fig. 6A)
and the total evaporation during the previous cycle (R2 ¼ 0.28,
p < 0.05, statistical power p ¼ 0.87, Fig. 6B). A multiple linear
regression analysis showed that the total evaporation occurring
during the previous tidal cycle and the maximum shear stresses
exerted on the tidal flat during flood are independent factors, both
controlling the maximum sediment concentration and therefore
sediment resuspension. Both factors remain statistically significant
when considered together and explained approximately 53% of the



Fig. 6. (A) Bottom shear stress versus sediment concentration recorded by the ADV;
(B) Evaporation versus sediment concentration recorded by the ADV.
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variability in the logarithm of sediment concentration (p < 0.05).
5. Discussion and conclusions

The results of this study show that evaporation is likely associ-
ated with daily variations in sediment erodibility of tidal flat sed-
iments. The erosion threshold of the substrate seems to increase as
evaporation occurs over the emersion period. The extent of evap-
oration that tidal flat sediments undergo depends on meteorolog-
ical conditions (temperature, relative humidity, wind conditions,
and solar radiation) as well as the duration of exposure to air. As
these conditions change between emersion periods, so does the
rate of evaporation and therefore the erosion threshold of the tidal
flat sediments. Days with strong winds, warmer temperatures, or
more sunlight favor higher evaporation rates. As sediments are
subaerial for longer lengths of time, these differences becomemore
pronounced, leading to the increased variability in sediment
erosion threshold.

In Fig. 5A two points with high evaporation exert a strong in-
fluence on the relationship between evaporation and sediment
erodibility. For example, significant variations in the average
erosion threshold were evident between September 12 and
September 15, with a very high peak in evaporation occurring on
September 14 (Fig. 4). The rate of evaporation during emersion
increased each day from September 12 to September 14 due to
progressively earlier sunrises in relation to the tidal cycle and
higher air temperature during emersion (Fig. 7). Additionally,
September 14 exhibited high wind speeds and low relative hu-
midity at the beginning of the emersion period, before erosion
threshold measurements were taken. Although sunrise occurred
earlier in the tidal cycle on September 15 than on September 14,
solar radiation was less, air temperature was similar, while wind
speedwas low and relative humidity high. These conditions led to a
decrease in the rate of evaporation and therefore a decrease in the
erosion thresholdmeasured on September 15 (Fig. 4). This evidence
supports our finding that the erosion threshold of tidal flat sedi-
ments varies significantly with meteorological conditions they are
exposed to during emersion. Varying meteorological conditions
must be considered to correctly interpret changes in critical shear
strength in studies spanning multiple days, and particularly across
months or seasons.

Previous studies have shown that biofilm abundance, measured
using chlorophyll a as a proxy, has a positive effect on the critical
shear strength of tidal flat sediments (Underwood and Paterson,
1993; Tolhurst et al., 2008a,b; Defew et al., 2002). On the con-
trary, our study found a negative relationship between these two
variables. It is important to note that this relationship is not very
strong, with low coefficient of determination (R2 ¼ 0.23) and low
statistical power (p ¼ 0.58), possibly indicating that many pro-
cesses are at play and that Chlorophyll a is not a leading driver of
erodibility in this data set.

Diatoms, which are dominant in microphytobenthos, are known
to migrate into the sediment over the tidal cycle as water content
decreases (Consalvey et al., 2004; Coelho et al., 2009). Therefore the
decrease in chlorophyll a may be a result of diatom migration due
to sediment desiccation rather than a direct effect of biofilms on
critical shear stress. However, chlorophyll a was measured within
the top 0.5 cm, and it is unlikely that the microphytobenthos
migrated so deep in a tidal cycle. Another possible explanation of
reduced chlorophyll a concentrations is grazing by periwinkles
(Littorina spp.), which are extremely abundant on these tidal flats.
Periwinkles might be more active during warm days thus reducing
the biofilm stock. In fact periwinkles have been showed to respond
to both desiccation of the sediments and temperature (Chapman
and Underwood, 1996). Periwinkles could also bioturbate the top
sediment layer, possibly increasing erodibility. Biofilm may
partially stabilize loose unconsolidated surface sediment; so whilst
the effect of the biofilm is still stabilizing, the high water content
and loose open structure of the sediment results in a low erosion
threshold. This was seen in areas where a diatom biofilm had lower
bulk densities and hence lower erosion thresholds (Tolhurst et al.,
2008a,b). Also, biofilms may trap oxygen bubbles, resulting in
buoyant biofilms with a lower erosion threshold.

The CSM applies a vertical jet rather than a more realistic shear
flow to determine the critical shear stress of the sediments. The
biofilm mat is likely more resistant to shear forces as opposed to a
vertical jet. It is possible that the jet breaks the biofilm mat more
easily than it would erode bare sediment, producing a spike in
turbidity. The relationship between chlorophyll a concentration
and erosion threshold may not be causal but just reflect the rela-
tionship found between total evaporation and erosion threshold.
More research is clearly needed to determine the possible causes of
a negative relationship between chlorophyll a, evaporation, and
erosion threshold.

In addition to the total evaporation and chlorophyll a mea-
surements, the average elevation of the mudflat during the previ-
ous submergence period was significantly correlated to the critical
shear stress. Changes in bed height are a result of erosion and
deposition that occurred during the previous submergence cycle. A
lower elevation implies an erosion event and the re-exhumation of
more compact and resistant sediments. A higher elevation indicates
a deposition event, with soft sediment accumulated at the surface.



Fig. 7. Meteorological Data from Marshview Field Station from 9/12/2011 to 9/16/2011. A) Solar radiation; B) Air temperature; C) Wind speed; D) Relative humidity; E) Total
evaporation; F) erosion threshold of sediments. Gray lines represent corresponding ADV pressure data (water level). Shaded areas represent the time interval between tidal flat
exposure and erosion threshold measurement.
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Wetting and drying can also alter the bed elevation. As the sedi-
ment dries out it compacts, becoming more resistant to erosion.
Although changes in the average bed height during the preceding
submergence period showed statistical significance with the
erosion threshold of sediments, a very low coefficient of determi-
nation (R2 ¼ 0.06) indicates that this interaction was limited.

In cohesive sediments, erodibility is related to bulk density and
water content (Grabowski et al., 2012). Dense sediments have low
erodibility (Amos et al., 2004; Bale et al., 2006, 2007). High water
contents, directly affecting plasticity, increase erodibility
(Winterwerp and van Kesteren, 2004). Anderson and Howell (1984)
indicate that during emersion muddy tidal flats undergo dewater-
ing, because of dessication and drainage. Fiot and Gratiot (2006)
studied the structural effect of wetting and drying cycles on trop-
ical mudflats, showing that the sediment beds are subject to
compaction, water loss, and a reduction in sediment erodibility
when subaerial. Geotechnical measurements in cohesive sediments
dredged from coastal areas indicate that dessication reduces water
content and void ratio, increasing density (Stark et al., 2005).
Dessication therefore triggers dewatering and sediment compac-
tion, decreasing erodibility. Dessication is probably more effective
in sediment beds with high water adsorption, like clays with a high
fraction of montmorillonite (Grim, 1962) or with high organic
content (Keller, 1982). These sediments are more likely to experi-
ence a sharp decrease in water content and therefore erodibility
during dessication.

It is important to note that tidal flats are subject to erosion and
deposition only during submergence periods. Therefore, the
importance of our findings from data taken during emersion pe-
riods is limited unless the substrate retains its strength after
flooding.

The maximum shear stress exerted on the tidal flat by currents
occurs during flood, approximately 1e1.5 h after submergence, and
varies with tidal amplitude (larger tides trigger larger shear
stresses, Fig. 3). Higher measured shear stresses translate to
increased sediment resuspension, leading to a relationship be-
tween measured shear stresses and acoustic backscatter (a proxy
for sediment concentration) during flood.

The influence of shear stress on the maximum sediment con-
centration was easily observed towards the end of the study period
when spring tides were creating strong flood currents (Fig. 3). In
fact, from September 23 to September 28, as the tidal range became
larger, the shear stress exerted on the tidal flat sediments increased.
Accordingly, sediment concentration grew during this period.
However, careful examination shows that current shear stress
alone cannot be responsible for all of the variability in sediment
concentration among tidal cycles. In fact, the sediment concentra-
tion should follow the variations in maximum shear stress between
the evening of September 23 and the morning of September 24 and
between the two tidal cycles on September 26. In each of these
examples, a noticeable increase in the shear stress exerted on the
tidal flat sediments does not correspond to an increase in the
sediment concentration signal.

Therefore, additional factors must have an influence on sedi-
ment concentration in the river during the flood period. For
example, wind waves in the sound can resuspend sediments that
are then transported in the river and tidal channels during flood
(e.g. Fagherazzi and Priestas, 2010). Our study area has very small
fetch and therefore waves are not very high. During the study
period we measured only two wave events with maximum wave
height of 30 cm, on September 6 at 19:30 and on September 17 at
12:00. In both cases we did not detect a significant increase in
sediment concentration.

Rainfall can also destabilize and mobilize tidal flat sediments
that can be eroded during the following high tide (e.g. Mwamba
and Torres, 2002; Tolhurst et al., 2008a, 2008b). During the study
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period it rained only twice when the tidal flat was emergent, on
September 22 between 0:00 and 2:00 and on September 24 be-
tween 0:00 and 3:00. In both cases we did not notice a significant
increase in suspended sediment occurring during the next sub-
mergence period. The erosion threshold of the tidal flat sediments
slightly decreased after both events, measured during the next low
tide (Fig. 4).

In addition to the positive correlation with shear stress, the rate
of sediment resuspension during flood is negatively related to the
amount of evaporation during the previous tidal cycle (Fig. 6B). This
finding indicates that changes in erodibility due to evaporation last
until the following submergence period. While other sediment
properties such as density, organic content, grain size, and fraction
of clay and silt, may have a significant effect on substrate strength at
varying locations within the estuary, these factors were not found
to vary at our site.

The low values of the correlation coefficients indicate that the
linear regressions presented here cannot be used to predict sedi-
ment concentration and critical shear stress (see Prairie, 1996), but
only explain part of the variability of these two variables. Additional
factors are clearly affecting sediment dynamics in mesotidal
mudflats.

Energetic events in the sound (i.e. storms) and evaporation are
not independent processes. Increased cloud cover and rainfall
during storms reduce evaporation during low tide. Therefore, a
bimodal configuration is likely to exist wherein long periods of fair
weather reduce sediment resuspension by the compound effect of
dessication and limited hydrodynamic energy. On the other hand,
storms lasting for several tidal cycles have a double effect on
sediment remobilization, with wet conditions during low tide
softening the sediments that are then eroded during high tide.

Evaporation processes are more important in meso and mac-
rotidal environments, where large intertidal areas are subaerial at
low tide (e.g. Fagherazzi et al., 2014; Mariotti and Fagherazzi, 2011),
such as the study area presented here. Seasonal variability in
meteorological conditions should also affect mudflat erosion and
sediment resuspension. Summer months might favor desiccation
thus reducing erodibility, while cold winter months might increase
potential erosion. Global warming might therefore decrease the
erodibility of intertidal areas by promoting desiccation during
emersion.
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