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THE EFFECT OF EVAPORATION AND NUTRIENT ENRICHMENT ON THE 
ERODABILITY OF MUDFLATS IN A MESOTIDAL ESTUARY 

TAMMY VIGGATO 

ABSTRACT  

Large areas of mesotidal estuaries become subaerial during low tide. Here we study the 

effect of nutrient enrichment and several meteorological and hydrodynamic parameters 

on the erodability of mudflat substrates when they are emergent. Results from high 

resolution measurements in Plum Island Sound, Massachusetts, USA indicate that daily 

nutrient enrichment at 70 μM NO3− does not change the critical shear stress of the 

muddy substrate, nor affect the concentration of Chlorophyll a at the surface.  Sediment 

erodability is instead directly related to the potential evaporation rate and to the duration 

of the subaerial period. Chlorophyll a concentration decreases when evaporation is high, 

possibly due to the downward migration of diatoms. Sediment concentrations in the water 

column during submergence strongly 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 subaerial desiccation at low tide decreases 

the erodability of mudflat sediments. This strengthening effect is not lost during the 

following submerged period, thus limiting the erosive effect of tidal currents. For the first 

time we therefore show that not only subaqueous but also subaerial processes control the 

erodability of mudflats. Global warming and other climatic variations regulating long-

term evaporation rates can therefore directly affect the stability of mudflats in mesotidal 

environments. 
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Introduction 

Mudflats are an important component of the coastal landscape: they protect coastal 

communities from flooding and storm surges (Scavia 2002, Meire 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 in mudflats, 

the geotechnical properties of the substrate, as well as biological variability and 

productivity (Amos 1987).  Anthropogenic stressors such as coastal eutrophication and 

climate change could alter the biological and physical equilibrium of mudflats (Galbraith 

et al 2002, Meire 2005).  For example, an increase in the frequency of storms combined 

with sea level rise could significantly impact the erosion rates and overall morphology of 

these landforms (Mariotti et al 2010).  A thorough understanding of sediment stability in 

mudflats is necessary for the preservation 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 (Anderson, 

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 2012). 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 critical shear stress of cohesive sediments in 

muddy tidal flats is controlled by a complex combination of physical, chemical and 
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biological factors (e.g. Black et al, 2002, Defew et al 2002, 2003). Site-specific 

properties, such as sediment characteristics (density, organic content, grain size) as well 

as the presence or absence of macro fauna, submerged vegetation, and biofilms make the 

key processes responsible for sediment stability hard to discern (Defew et al, 2002). 

Mudflats are often colonized by biofilms, of which microphytobenthos (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 availability, leading to seasonal 

changes in their abundance (Davoult, 2009).  Microphytobenthos produce an extracellular 

carbohydrate matrix that may contribute to sediment stabilization (e.g. de Brouwer et al 

2002, Tolhurst et al 2003, deBrouwer et al. 2005). Previous research has found a positive 

correlation between biofilm biomass and critical shear stress in tidal flat sediments (e.g. 

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, 2008).  The role microphytobenthos 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 critical shear stress varies over 

emersion-immersion cycles and depends on the environmental conditions sediments are 

exposed to (e.g. Amos et al. 1987, Tolhust et al 2004).  Critical shear stress has been 

shown to increase over tidal emersion periods, but returns to its pre-exposure value once 
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exposed to water from rainfall or tidal immersion (Tolhurst et al 2004).  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, 2006).   

Similarly, seasonal and climatic factors have a great influence on sediment erodability 

when measured over long time periods (Amos et al 1987).  While temporal changes in 

sediment critical shear stress have been studied both seasonally and over single tidal 

cycles, changes resulting from variations in daily environmental conditions 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.   High-resolution field 

observations taken during emersion were used to identify biological and physical factors 

contributing to changes in critical shear stress of tidal flat sediments.   

Study site  

The study took place along the Rowley River Estuary in Rowley, Massachusetts (Figure 

1) within the Plum Island Sound Long Term Ecological Research site.  The Rowley River 

forms at the convergence of the Egypt River and Muddy Run in Ipswich, Massachusetts 

and covers a drainage area of 9.6 square miles (Commonwealth of Massachusetts, 1999; 

Commonwealth of Massachusetts, 2003).  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 (Fagherazzi, 2012). Tidal flats 
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consisting of muddy sediments become exposed 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). 

 

Materials and Procedures   

A two-week study into the daily variability in the critical shear stress of tidal flat 

sediments was conducted in September 2011.  High resolution field observations were 

used to investigate how changes in nutrient availability and environmental conditions 

impact the critical shear stress of tidal flat sediments during emersion.  Additionally, 

hydrological and meteorological sensors located in proximity of the study site were used 

to model the hydrodynamic processes occurring during immersion.  This approach was 

used to determine whether sediment resuspension during immersion was related to 

sediment erodability during the previous emersion period. 

Two six meter by one meter transects were established on the mudflat stretching from 

the salt marsh scarp to the channel (Figure 1).  The total change in elevation along each 

transect was less than 0.4 meters.  One transect was exposed to nutrient enrichment 

through the direct application of liquid fertilizer (with concentration of 70 μM NO3
−) 

immediately after tidal emersion each day for the duration of the project.  The liquid 

fertilizer was applied using a lawn sprayer with the nozzle held approximately 25 cm 

above the sediment surface.  The second transect received no fertilizer application and 

served as a control.   
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High-resolution measurements of critical shear stress, chlorophyll a concentration, dry 

density, and organic content were taken daily.  Two acoustic Doppler velocimeters 

(ADVs) were deployed between the nutrient enriched and control transects to monitor 

hydrological conditions.  A meteorological station located approximately 2.9 miles from 

the study site was used to monitor climatic conditions sediments were exposed to during 

tidal emersion. 

A detailed description of the instruments and methods used in this research is reported 

below. 

Critical Shear Strength 

The critical shear stress of each plot was measured daily using a cohesive strength meter 

(CSM, Widdows, 2007, Tolhurst 1999). The CSM measures the critical shear stress 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 over a 

shorter time period and a smaller area than other erosional devices, making it ideal for 

studying spatial and temporal variability within a single field site (Tolhurst, 2006). An 

infrared sensor monitors the turbidity levels within the chamber to determine the pressure 

of the jet at which significant erosion begins.  The critical shear stress 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, 1999).   

Six critical shear stress measurements (three in the nutrient enriched transect and three 

in the control transect) were taken each day.  Measurements were taken randomly within 

subplots, alternating between even and odd subplots daily.  Critical shear stress 
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measurements were taken first in the fertilized plots and then in the control plots in order 

to maximize the number of measurements that could be taken between the exposure and 

submergence of the tidal flat.  Each measurement took approximately 20 minutes. 

 

Bottom velocities and shear stresses 

Hydrodynamic conditions on the tidal flat were monitored by two Nortek Acoustic 

Doppler velocimeters (ADVs) deployed between the nutrient enriched and control 

transects from September 6, 2011 at 12:00 to September 29, 2011 at 00:00 (Figure 1).  

The first ADV (ADV1) was deployed between subplots 1 of the two transects at an 

elevation of -1.032 m relative to mean sea level; the second ADV (ADV2) was deployed 

near the marsh bank, between subplots 6 at an elevation of -0.655 m relative to mean sea 

level (Figure 1).  The shear stress exerted on the tidal flat during each tidal cycle was 

calculated from the high frequency velocity measurements of the ADVs using the 

Reynolds stress method (Anderson, 2007).   

In addition to the critical shear stress, the rate of sediment resuspension occurring over 

tidal cycles is critical for a complete understanding of sediment erodibility (Amos, 1992).  

Backscatter intensity recorded by acoustic Doppler velocimeters (ADVs) has been used 

herein as a proxy for suspended sediment concentration (Ha, 2009; Chanson, 2007).  The 

backscatter signal is generated from sound pulses reflecting off particles suspended in the 

water column.  Measuring the suspended sediment concentration with an ADV allows for 

water velocity and shear stress measurements to be taken in conjunction. 



13 
 

The maximum backscatter recorded by ADV 1 during each tidal cycle was used as an 

indicator of local sediment resuspension and compared to the total evaporation 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 maximum backscatter 

occurs during the flood stage of each tidal cycle, generally 1 to 1.5 hours after tidal flat 

immersion (Figure 2).   

 

Emersion Periods and Variations in Bed Elevation 

The ADV pressure sensors were used to determine when the tidal flat was exposed and 

submerged during each tidal cycle. The time of exposure and submergence were 

determined by fitting a polynomial 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 exposed prior to the measurement of the critical shear stress.   

Changes in mudflat elevation were determined using the ADV acoustic ping 

measurements.  Both ADVs were firmly mounted on auger frames and remained at a 

constant elevation throughout the experiment.  An acoustic ping measured the distance 

from the instrument to bed height at the beginning and end of each measurement period. 

The effective deposition 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 immersion were considered as possible factors affecting daily changes in critical 

shear stress.   
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Chlorophyll a 

Duplicate subcores were taken in each of the twelve 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.  Each was divided into 0.5 cm increments and frozen until 

analysis.  For quantification of sediment chlorophyll a concentration, sediment subcore 

sections were thawed, sonicated, and extracted in 90% acetone overnight (Dalsgaard et 

al. 2000).  Extracted samples were then centrifuged and 2 mL aliquots were analyzed for 

chlorophyll a fluorescence on a Turner Trilogy Fluorometer.   

 

Sediment Characteristics 

Syringe core samples were used to monitor changes in the density and organic content 

of each subplot.  A 15 cc sediment sample was taken each day in conjunction with the 

critical shear stress measurements.  The samples were dried in an oven at 60⁰ C, and 

weighed to determine dry density.  The samples were pulverized with a mortar and pestle, 

weighed and put into an oven at 200⁰ C for 24 hours, and re-weighed to determine the 

percent organic material in the sample. Soil temperature was measured in each subplot 

daily during the sampling period using a Decagon 5 TM Water and Temperature Probe 

and ProCheck Handheld reader.      

A 50cc sample was taken from each subplot 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 
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transect.  The median grain size of sand was determined using the geometric method of 

moments in GRADISTATv8 (Blott and Pye 2001).    

 

Meteorological Conditions 

    A weather station run by the Marine Biological Laboratory (MBL) at Marshview Field 

Station was used to monitor daily meteorological conditions (Figure 1).  All data were 

collected using a Campbell Scientific CR10X data logger and averaged for 15 minutes.  

Air temperature and relative humidity were measured using a Vaisala HPM45C.  Wind 

speed was measured using an RM Young 05103.  Precipitation was 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.   

 

Evaporation Rates 

Changes in daily meteorological conditions affect the rate of evaporation and therefore 

the soil characteristics of tidal flat sediments. The evaporation rate was calculated using 

the temperature of the sediments collected together with the critical shear stress and 

weather data at the time of tidal flat emersion. The evaporation rate was calculated using 

the mass transfer approach when the sediment temperature was available (i.e. tidal cycles 

when the critical shear stress was measured). The evaporation E reads (Dingman, 1994): 

𝐸 = 𝐾𝐸𝑣𝑎(𝑒𝑠𝑠𝑠𝑠 − 𝑒𝑎𝑠𝑎) 

(1) 
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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 =
𝐷𝑊𝑊

𝐷𝑀
0.622𝜌𝑎
𝑃𝜌𝑤

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, ρa and ρw the densities of air and water 

respectively.   

The vapor pressure of air and soil are (Dingman, 1994): 

𝑒𝑎𝑠𝑎 = 6.11 𝑊𝑎exp �
17.3𝑇𝑎𝑠𝑎

𝑇𝑎𝑠𝑎 + 237.2
� 

𝑒𝑠𝑠𝑠𝑠 = 6.11 exp �
17.3𝑇𝑠𝑠𝑠𝑠

𝑇𝑠𝑠𝑠𝑠 + 237.2
� 

(3) 

Where Wa 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 critical shear stress measurements were not taken).  According to 

this equation, the rate of evaporation is calculated as (Dingman, 1994): 

𝐸 =
𝑠(𝑇𝑎)(𝐾 + 𝐿) + ϒ𝜌λv𝐾𝐸𝑣𝑎𝑒𝑠𝑎𝑠(𝑇𝑎)(1 −𝑊𝑎)

𝜌λv(𝑠(𝑇𝑎) + ϒ)  
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(4) 

Where K is solar radiation, L is net long wave radiation, va is wind speed, ϒ is the 

psychometric constant, KE is the efficiency of vertical water vapor transport, λv 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 vaporization (2257 kJ/kg), the 

psychometric constant (.66 mbar/C) and density of water (1000 kg/m3).  s(Tair) and 

esat(Tair) are calculated as (Dingman, 1994): 

𝑠(𝑇𝑎𝑠𝑎) =
25083

(𝑇𝑎𝑠𝑎 + 237.3)2 exp �
17.3 𝑇𝑎𝑠𝑎

𝑇𝑎𝑠𝑎 + 237.3
�   

(5) 

𝑒𝑠𝑎𝑠(𝑇𝑎𝑠𝑎) = 6.11 exp �
17.3 𝑇𝑎𝑠𝑎

𝑇𝑎𝑠𝑎 + 237.3
�   

(6) 

Net long wave radiation is calculated as the difference between incoming atmospheric 

radiation (Lat) and radiation emitted by the sediment surface (Lw).  L is calculated as 

(Abramowitz et al., 2012; Dingman, 1994): 

𝐿 = 𝐿𝑎𝑠 − 𝐿𝑤  

𝐿𝑎𝑠 = (. 031𝑒𝑎𝑠𝑎 + 2.84 𝑇𝑎𝑠𝑎 − 522.5) ∗ .001  

𝐿𝑤 = Ɛ𝑤Ơ (𝑇𝑎𝑠𝑎 + 273.15)4 

(7) 

Published constant values were used for the emissivity of water, Ɛw (0.97) and the 

Stefan-Boltzmann constant (5.67*10-11 KW / (m2K4). 
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In order to calculate the efficiency of vertical water vapor transport, KE, for both 

versions of the evaporation equation, an acceptable roughness height, z0, had to be 

determined for the study site.  This was computed by comparing the rate of evaporation 

calculated on each day using both methods.  A value of z0=.158 m was found by 

minimizing the mean squared error between the two values.     

The evaporation rate was multiplied by the length of exposure to determine the 

evaporation that occurred prior to the critical shear stress measurement. Exposure time 

was determined by the ADV1 pressure data; time of critical shear strength measurements 

was taken from the CSM measurement timestamp.  Total evaporation during emersion 

was instead defined as evaporation rate times the total period of tidal emersion.  Exposure 

and submergence time were determined by the ADV1 pressure data.   

 

Statistical Analysis 

A multi-faceted approach was used for the statistical analysis of the field observations 

component of this study.  The differences between critical shear stress measurements in 

the nutrient-enriched and control transects and between measurements taken in the same 

subplot 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 critical shear stress was determined through a 

correlation analysis.  The combined influence of all variables reporting a significant 

correlation with critical shear stress was determined through a multiple regression 

analysis.   
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The influence the maximum shear stress exerted on tidal flat sediments and total 

evaporation over emersion periods exerted individually on the maximum ADV 

backscatter during the following flood period was analyzed using correlation analysis. A 

multiple regression analysis was used to determine how much of the variability seen in 

the maximum ADV backscatter can be accounted for by considering both of these factors 

together.   

  The Cook’s Distance approach was used to identify outliers before each analysis was 

conducted.  Any data point with a Di> 4/n was not considered.   

 

Results 

Sediment Characteristics 

Sediment characteristics of both control and nutrient enriched transects remained 

relatively unchanged throughout the experiment.  Average dry density fluctuated daily 

between 900-1100 g/m3.  No significant difference in dry density was found between the 

two plots.  Although some fluctuations in the daily dry density were recorded, no trends 

were found in these fluctuations. 

Percent organic material in the control and nutrient enriched plot showed no significant 

change between the two transects or over the duration of the experiment.  The mean 

percent organic material varied daily from 3 to 4.5%; however, no long-term trends 

emerged from the data.   

Finally, little variation in grain size was seen from samples taken at the beginning and 

end of the experimental period.  Samples from each subplot at the beginning and end of 
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the experiment showed the sediments were approximately 60-65% clay / silt and 35-40% 

sand.   

 

Effects of Nutrient Enrichment  

A significant difference in the critical shear strength measured by the CSM was found 

between the nutrient enriched and control transects (p<.01).  Sediments in the control 

transect consistently exhibited higher critical shear stress than those in the fertilized 

transect (Figure 3). No significant difference in chlorophyll a, dry density, organic 

content, and grain size was found between the two transects.   

Additionally, a significant difference was found in the daily critical shear stress 

measurements taken within the same subplots on different days (p<.01), implying that 

variations in daily environmental conditions were affecting sediment erodability within 

the subplots. A two-way  ANOVA analysis failed to conclude that differences within 

individual subplots are independent of the difference between the nutrient enriched and 

control transects (p=0.58), suggesting the same process may be responsible for both of 

these conclusions.   

 

Factors Controlling Substrate Critical Shear Stresses 

Correlation analysis showed that the length of exposure to air prior to the CSM 

measurement cannot explain the differences in critical shear stress (Table 1, Figure 4).  In 
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fact, the variability in critical shear stress increased as sediments were exposed for a 

longer period of time (Figure 4). 

When the daily evaporation rate was considered together with the length of exposure 

(total evaporation), a significant relationship with critical shear stress was found (p<.01) 

(Table 1, Figure 5a).  The correlation coefficient improved considerably (from .27 to .45) 

when the control plot was considered by itself (Table 1).   

  A negative relationship existed between chlorophyll a and the critical shear strength of 

tidal flat sediments (p=.01) (Table 1, Figure 5b), indicating that microphytobenthos were 

fewer when the sediment was stronger.  A weak relationship was found between 

chlorophyll a concentration and the total evaporation calculated prior to the CSM 

measurements (p=.08) (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 critical shear stress of tidal flat sediments was also found to be significantly 

correlated to the average bed elevation measured by the ADV (p=.03, Table 1).   

A multiple regression analysis was used to determine which significant variables from 

the correlation analysis were collectively contributing to changes in the observed critical 

shear stress of the tidal flat sediments.  Only combining the total evaporation and the 

average change in bottom elevation of all data points resulted in both factors remaining 

significant (p<0.05).  However, the average change in bottom elevation was not 

significant when only the control plots were considered.  Total evaporation and 
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chlorophyll a were not significantly correlated with critical shear stress when considered 

together in a multiple regression analysis, due to the existing relationship between these 

two variables (Figure 5c).  

 

Factors Affecting Turbidity on the Rowley River Tidal Flats 

Acoustic backscatter recorded by the ADVs during the flood period was used as a proxy 

for sediment resuspension occurring on the tidal flat as well as for sediments remobilized 

in the entire Plum Island Sound and then funneled in the Rowley River.   

Maximum shear stress exerted locally on the tidal flat during flood explained 

approximately 40% of the variability in backscatter recorded by the ADV (p<.01) (Figure 

6a).  Total evaporation was also statistically correlated to the maximum acoustic 

backscatter (p=.015) recorded during the subsequent tidal cycle, and explained 

approximately 21% of the variability (Figure 6b).  A multiple 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 acoustic backscatter and therefore sediment resuspension. Both 

factors remain statistically significant when considered together and explained 

approximately 54% of the variability in maximum backscatter (p<.01, p=.035).  

 



23 
 

Discussion 

The results of this study show that evaporation controls daily variations in sediment 

erodability in tidal flat sediments. The critical shear stress of the substrate increases as 

evaporation occurs over the emersion period.  

Critical shear stress measurements were taken in the nutrient enriched transect prior to 

the control transect as part of the measurement procedure.  Therefore, evaporation had a 

longer period of time to desiccate and strengthen the sediments prior to measurement.  

This procedural bias offers an explanation for the significantly lower critical shear stress 

observed in the fertilized transect throughout the study. 

The extent of evaporation tidal flat sediments undergo depends on meteorological 

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 critical shear stress of the tidal flat 

sediments.  Days with strong winds, warmer temperatures or more sunlight favor higher 

evaporation rates.  As sediments are exposed for longer lengths of time, these differences 

become more pronounced, leading to the increased variability in sediment critical shear 

stress (Figure 4).   

For example, significant variations in the average critical shear stress were evident 

between September 12 and September 15 (Figure 3).  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 

(Figure 7).  Additionally, September 14 exhibited high wind speeds and low relative 
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humidity at the beginning of the emersion period before critical shear stress 

measurements were taken.  Although sunrise occurred earlier in the tidal cycle on 

September 15 than on September 14, the solar radiation was less intense, air temperature 

was similar, while wind speed was low and relative humidity high.  These conditions led 

to a decrease in the rate of evaporation and therefore a decrease in the critical shear stress 

measured on September 15 (Figure 3).  This evidence supports our finding that the 

critical shear stress of tidal flat measurements 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.    

A significant correlation between evaporation and the critical shear stress exists when 

all data are considered; however, the correlation increased considerably when 

measurements taken in the control transect are considered alone (R2 improves from .27 to 

.45).  This is likely due to the addition of water during the nutrient enrichment process 

partially offsetting the desiccation that had previously occurred.  The application of 

nutrients and water likely had a similar effect on sediment as rain, which has been shown 

to return the critical shear stress of sediments to levels similar to those just after emersion 

(Tolhurst et al, 2005). 

Although a significant difference in the critical shear stress measurements taken 

between the nutrient enriched and control transects was observed, no significant 

difference was found in the chlorophyll a concentrations.  This result implies that the 

nutrient enrichment did not have an effect on the microphytobenthos community at the 
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concentration and frequency applied in this experiment.  The most likely explanation for 

this surprising result is that a higher concentration of fertilizer or a longer period of time 

at the same concentration may have been required to see a significant change in 

chlorophyll a concentration. For example, the fertilizer may have been washed away after 

few hours when the incoming tide flooded the mudflat, minimizing its impact on the 

microphytobenthos community.  Alternatively, a higher concentration of fertilizer or a 

longer period of time at the same concentration may have been required to see a 

significant change in chlorophyll a concentration.   

 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 (Tolhurst, 

2008, Defew, 2002).  On the contrary, our study found a negative relationship between 

these two variables.  Diatoms, which are dominant in microphytobenthos, are known to 

migrate into the sediment over the tidal cycle as water content decreases (Coelho, 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. If this 

is true, the relationship between chlorophyll a concentration and critical shear stress may 

not be causal but just reflect the relationship found between total evaporation and critical 

shear stress. 

In addition to the total evaporation and chlorophyll a measurements, the average 

elevation of the mudflat during the previous immersion 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 immersion cycle. A lower elevation implies 
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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.  Although changes in the average bed height during the preceding immersion 

period showed statistical significance with the critical shear stress of sediments, a low 

correlation coefficient (R2=.06) indicates that this interaction was limited.  

It is important to note that tidal flats are subject to erosion and deposition only during 

immersion periods.  Therefore, the importance of our findings from data taken during 

emersion periods 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 1-1.5 hours after submergence, and varies with tidal amplitude (larger 

tides trigger larger shear stresses, Figure 2).  Higher measured shear stresses translate to 

increased sediment resuspension, leading to a relationship between measured shear 

stresses and acoustic backscatter (a proxy for sediment concentration) during flood. 

The influence of shear stress on the maximum acoustic backscatter was easily observed 

towards the end of the study period when spring tides were creating strong flood currents 

(Figure 2).  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, the acoustic 

backscatter signal generally grew across this period.  However, careful examination 

shows that current shear stress alone cannot be responsible for all of the variability in 

acoustic backscatter among tidal cycles.  In fact, the acoustic backscatter 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 
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these examples, a noticeable increase in the shear stress exerted on the tidal flat 

sediments does not correspond to an increase in the acoustic backscatter signal.  

Therefore, additional factors must have an influence on the rate of sediment resuspension 

on the tidal flat during the flood period.   

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 (p =.015)  This finding proves evaporation affects sediment 

erodability not only during emersion, but also during the following immersion period 

(Figure 6b).  

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.  

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 should be more important in environments with large intertidal 

areas exposed at low tide.  Higher tidal oscillations expose large intertidal areas at low 
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tide in meso and macrotidal environments (e.g. Fagherazzi et al. 2007, Fagherazzi and 

Wiberg 2009), such as the study area presented here.  

Seasonal variability in meteorological conditions should also affect mudflat erosion and 

sediment resuspension. Summer months favor desiccation thus reducing erodability, 

while cold winter months increase potential erosion. Global warming might therefore 

decrease the erodability of intertidal areas by promoting desiccation during emersion. 

 

Conclusions 

A study conducted on a tidal flat in Plum Island Sound, Massachusetts to determine 

factors contributing to variability in sediment erodability found that: 

1) Nutrient enrichment of tidal flat sediments with 70 μM NO3
−for two weeks does 

not trigger an increase of chlorophyll a in the sediments nor an increase in sediment 

critical shear stress, indicating that the microphytobenthos community remains 

unaffected.   

2) The critical shear stress of tidal flat sediments increases over the emersion period.  

The critical shear stress increases faster on days with high evaporation rates and 

slowly on days with low evaporation rates.   

3) Chlorophyll a, a proxy for microphytobenthos, decreases over the emersion period 

as the total evaporation increases.   

4) Variability in the suspended sediment concentration during the flood period of the 

tidal cycle may be explained by the evaporation occurring in the emersion period 

prior to the flood as well as the critical shear stress exerted on the sediment. 
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Appendix 1: Tables 

 

  
Table 1:  Results of Correlation Analysis between listed variables and critical shear 
strength of sediments.  B represents the sign of the relationship between the listed 
variable and critical shear stress.  Average Distance indicates the averaged distance from 
the ADV sensor head to bed over the previous tidal cycle. Highlighted lines represent 
significant relationships. 

R^2 B P
Average Distance 0.0626 + 0.0282

Chlorophyll a 0.3215 - 0.0113
Density 0.0001 - 0.9291

Deposition 0.007 - 0.4692
Evaporation - All 0.27 + 0.000153

Evaporation - Control Only 0.4455 + 0.000366
Length of Exposure 0.0196 + 0.225

Final Distance 0.0274 + 0.1501
Maximum Shear Stress 0.0195 - 0.2254

Organic Content 0.0209 - 0.2224
PAR 0.00018 - 0.9076
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Appendix 2: Figures 

 

 

Figure 1: Map of Plum Island Estuary including study site and Marshview weather 
station 
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Figure 2: Map of study site transects and ADV placement 
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Figure 3: ADV Measurement Profile 
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Figure 4: Mean Critical Shear Stress for Control and Fertilized Plots.   

Solid line represents change in mean critical shear stress for control transect.  Dashed line 
represents change in mean critical shear stress for nutrient enriched plot.  Gray error bars 

are standard deviation. 
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Figure 5: Critical Shear Stress versus Length of Exposure 

Stars represent mean critical shear stress in 30 minute bins; line represents mean standard 
deviation within bins. 
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Figure 6: Correlation between Critical Shear Stress and Evaporation 
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Figure 7: Correlation between Critical Shear Stress and Chlorophyll a 
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Figure 8: Correlation between Chlorophyll a and Evaporation 
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Figure 9: Shear Stress versus Maximum Backscatter 
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Figure 10: Evaporation versus Maximum Backscatter 
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Figure 11: Meteorological Data from Marshview Field Station and ADV pressure data 
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