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Abstract 1 

 The suspension and transport of sediments in coastal environments influences water 2 

column clarity, and also affects the growth of photosynthetic organisms. The presence of benthic 3 

vegetation, such as seagrass, can attenuate wave and tidal energy; thereby altering suspended 4 

sediment concentrations (SSC) and microphytobenthos (MPB) biomass that secrete biogenic 5 

compounds that can increase sediment cohesion. The dual role of seagrass and MPB in altering 6 

the seasonal critical bed shear stress, c, necessary to suspend sediment was studied within a 7 

Zostera marina seagrass meadow and an adjacent unvegetated region within a shallow coastal 8 

bay in Virginia, USA. Hydrodynamics and MPB biomass were recorded seasonally to determine 9 

the critical bed shear stress and subsequent SSC response. Results show that seagrasses reduced 10 

mean currents and waves, thus lowering SSC within the meadow. In addition, seagrass created 11 

favorable conditions for MPB growth, with annual mean sediment carbohydrate concentrations, 12 

a proxy for MPB activity, to be double within the seagrass compared to the unvegetated site. 13 

Sediment carbohydrate concentrations within the seagrass bed were higher during winter than 14 

summer due to enhanced light penetration, which coincided with an increase in c to 0.056 Pa 15 

compared to 0.024 Pa. c was found to be 0.021 Pa at the unvegetated site, with bed shear 16 

exceeding this threshold >85% of the time. These findings suggest both MPB and seagrass play 17 

an important and interactive role in regulating seasonal sediment resuspension, and constant 18 

reworking of the bed sediments in high shear regions prevented the establishment of MPB.  19 

 20 
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Introduction 24 

 The transport of sediment in the marine environment is a universal process, altering the 25 

geomorphology of benthic and coastal systems and influencing ecosystem processes on varying 26 

spatial and temporal scales. For instance, suspended fine-grained particles and particulate matter 27 

can reduce water column light transmission, which limits the photosynthetic potential of primary 28 

producers, such as seagrasses and benthic microalgae (Lawson et al. 2007). However, suspension 29 

of sediments can also mix nutrients into the water column, making them available for primary 30 

producers (Cloern 2001). Sediment properties and the hydrodynamic forces imposed on these 31 

sediments are the primary factors controlling sediment suspension and transport. Energy from 32 

waves and tidal currents is transferred to the bed as a fluid shear stress (τb) and sediment 33 

suspension occurs when shear forces exceed gravitational, electromagnetic, and other cohesive 34 

forces acting on the bed material (Kimiaghalam et al. 2016). The shear threshold level that 35 

induces sediment suspension is known as the critical bed shear stress, τc (Teisson et al. 1993).  36 

 In general, smaller grained particles have a lower τc than larger grain sizes (Nielsen 37 

1992), making them more likely to be mobilized. The critical bed shear stress has been readily 38 

predicted for sands (grain size >62.5 µm and <2 mm) and other larger grain sizes, when the grain 39 

size distribution is known (Wiberg and Smith 1987). Muds and other fine sediments (grain size 40 

<62.5 µm), however, have τc that are less predictable. These fine particles have electromagnetic 41 

properties, and on the seafloor may be intermixed with microscopic, photosynthetic algae and 42 

cyanobacteria, that form biofilms on the sediment surface that promote the binding of grains in a 43 

cohesive manner, which increases τc. (Friend et al. 2003a; Friend et al. 2003b; Miller et al. 1996). 44 

Although sands lack this characteristic and are classified as non-cohesive, certain sand to mud 45 

ratios also display cohesive properties (Houwing 1999). Other organisms, such as crabs, worms 46 
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and other burrowers or tube builders, destabilize the surface through activities that increase the 47 

surface roughness or decrease τc (Eckman et al. 1981; Van Duren et al. 2006). This activity, 48 

compounded by their spatial and temporal variability (Andersen 2001; Lucas et al. 2003; 49 

Paterson et al. 2000; Underwood and Paterson 1993), renders τc inherently difficult to quantify. 50 

Ultimately, the magnitude of sediment that is suspended and transported is dependent on flow 51 

history, sediment and water properties, as well as biological activity at the seafloor (Mehta 1988; 52 

Mitchener and Torfs 1996; Paterson 1994; Salehi and Strom 2012). 53 

 Aggregations of benthic algae, bacteria and other photosynthetic microorganisms on 54 

sediment surfaces are classified as microphytobenthos (MPB). MPB support estuarine food webs 55 

and regulate nutrient fluxes across the seafloor (Douglass et al. 2011; McGlathery et al. 2012). In 56 

addition, microalgae are consumed by benthic invertebrates and fish and support significant 57 

secondary production in estuaries (Carpentier et al. 2014; Kuwae et al. 2012). The presence and 58 

activity of MPB result in the production of extracellular polymeric substances (EPS), a 59 

mucilaginous secretion broadly classified as a biopolymer. Several forms of EPS exist, but the 60 

general effect is twofold: it adheres to the sediment surface, attaching the MPB to the sediment, 61 

and it forms a coating around the MPB that provides a protective microenvironment (Decho 62 

2000; Mariotti and Fagherazzi 2012; Weerman et al. 2010). Overall, EPS aids in the MPB 63 

colonization of the sediment surface and creates an inner microclimate capable of withstanding 64 

environmental extremes such as temperature, hydrodynamic forces, and other physical stresses 65 

found in coastal environments (e.g. Decho 2000). The accumulation of EPS on a sediment 66 

surface creates a network of interconnected grains (e.g. Patterson et al. 1991; Yallop et al. 1994), 67 

which stabilizes the surface as well as the MPB matrix (e.g. Black et al. 2002; Lucas et al. 2003), 68 

and subsequently increases τc. Many studies report peak benthic primary productivity during the 69 
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spring and summer seasons, when insolation is high and temperatures approach the upper 70 

threshold of 30ºC (Carr et al. 2010; MacIntyre et al. 1996). However, MPB development in 71 

marine systems can also be adversely impacted by hydrodynamic conditions; where wave and 72 

tidal stresses can impart forces on the seafloor to cause reworking of the sediment surface, which 73 

limits MPB that contributes to cohesive bonding of sediments (Friend et al. 2003a; Lucas et al. 74 

2003).  75 

Numerous studies have also shown benthic vegetation, such as seagrass, reduce wave and 76 

current energy (Carr et al. 2010; Hansen and Reidenbach 2012; Peterson et al. 2004). The 77 

dissipation of energy leads to a reduction in bed shear stress (Bouma et al. 2009), promoting 78 

sediment deposition when settling forces exceed suspension forces (Adams et al. 2016; Gacia et 79 

al. 1999; Gruber and Kemp 2010). Bed shear stress in seagrass meadows is influenced by 80 

meadow characteristics such as vegetation density, blade length, and patchiness. Temperate 81 

seagrasses, such as Zostera marina, undergo seasonal growth cycles that alter the temporal and 82 

spatial extent of the meadow which, in turn, alters light penetration to the seafloor and their 83 

ability to dampen hydrodynamic energy (Hansen and Reidenbach 2013). Vegetation density and 84 

blade length are typically at a maximum during the spring growth and mid-summer biomass peak 85 

(Orth and McGlathery 2012). The minimum vegetation density occurs in winter when the blades 86 

slough off, leaving mostly belowground roots and rhizomes. When vegetation densities are high 87 

and blade lengths are long, the fluid energy is diverted over the meadow and away from the 88 

sediment (Hansen and Reidenbach 2017). When densities are low, hydrodynamic forces can 89 

penetrate through the meadow and enhance shear as the flow moves around individual blades 90 

(Lawson et al. 2012; Widdows et al. 2008). These seasonal variations in vegetation densities can 91 

have significant impacts on sediment dynamics and can also alter sediment bed properties and 92 
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particle size distributions (van Katwijk et al. 2010; Ganthy et al. 2013). In wave environments, 93 

wave orbital motions cause the seagrass blades to oscillate forward and back on a timescale of 94 

seconds, allowing more wave energy to reach the bed (Hansen and Reidenbach 2013).  95 

Since seagrass inhibits light availability to the sediment surface, it is expected that this 96 

shading will limit MPB biomass. Thus, sediment chlorophyll a and carbohydrate concentrations 97 

are expected to be lower compared to adjacent unvegetated surfaces where light is more 98 

abundant. However, hydrodynamic conditions are more quiescent and sediment stability is 99 

higher within seagrass beds, which is expected to create favorable conditions for MPB growth. 100 

Given these complex interactions, this study seeks to understand the role of MPB in seagrass 101 

dominated coastal bays and addresses the questions: (1) How does growth and senescence of the 102 

seagrass canopy impact wave development and bed shear stress within a shallow coastal bay? (2) 103 

How do variations in benthic chlorophyll a and carbohydrate (a proxy for MPB biomass) alter 104 

the critical bed shear stress? (3) What influence does seagrass have on benthic chlorophyll a and 105 

carbohydrate concentrations, and the τc necessary to suspend sediment?  106 

 107 

 108 

Methods 109 
 110 

Site Description 111 
 112 

Measurements were conducted between January 2013 and June 2014 in South Bay, a 113 

micro-tidal estuary located along the Atlantic Ocean side of the Delmarva Peninsula, Virginia, 114 

USA (Figure 1). South Bay is part of the Virginia Coast Reserve (VCR) and is also a National 115 

Science Foundation Long Term Ecological Research (NSF–LTER) location. South Bay has an 116 

approximate area of 31.5 km2, and an average water depth of 1.0 m at mean water level, but this 117 

water depth ranges between 0.25 m to 1.75 m due to tidal fluctuations. This site was chosen as 118 
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the study location due to on-going seagrass restoration efforts (McGlathery et al. 2013; Orth et 119 

al. 2012; Orth et al. 2006). The dominant vegetation in South Bay is the seagrass (eelgrass) 120 

Zostera marina. Seagrasses, once a dominant feature in the coastal bays of the Delmarva 121 

Peninsula, disappeared in the 1930’s due to a combination of a pandemic wasting disease and the 122 

1933 Chesapeake-Potomac hurricane. Reseeding of South Bay with Z. marina occurred between 123 

2001 – 2005. As of Summer 2010, the reseeded patches in South Bay had coalesced and grown 124 

to a meadow encompassing >6 km2 (Orth et al. 2012). One location within the restored seagrass 125 

meadow (37.2635 N, 75.8224 W) and a separate unvegetated (‘bare’) control site (37.2677 N, 126 

75.8280 W) were studied. The seagrass and bare site are separated by 0.8 km (Figure 1 inset). 127 

During summer-time conditions, maximum seagrass densities occur which typically range from 128 

350-550 shoots m-2, while in winter minimum seagrass densities occur due to senescence at 129 

approximately 100 shoots m-2 (Hansen and Reidenbach 2013). Seagrass densities were measured 130 

during winter 2013 and summer 2013 while experiments were conducted, and were found to be 131 

100 ± 36 shoots m-2 and 411 ± 33 shoots m-2, respectively (Reidenbach and Thomas 2018). 132 

 South Bay is bordered to the east by barrier islands and to the west by the Delmarva 133 

Peninsula. Narrow inlets between barrier islands restrict oceanic exchange. Turbidity is governed 134 

by local sediment resuspension by waves and currents, and the lack of significant freshwater 135 

sources does not introduce significant sediment loads. These characteristics allow for the 136 

assumption of a closed system in terms of sediment resuspension (Lawson et al. 2007). Waves 137 

are generated by wind stress over South Bay, where the average wind direction is from the SSE-138 

SSW and N-NE directions (Fagherazzi and Wiberg 2009). The fetch lengths within South Bay 139 

vary depending upon wind direction and changes in water depth due to tidal fluctuations, but at 140 

mean water-depth, the N-S and E-W fetch lengths of South Bay are 7.5 km and 1-2 km, 141 
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respectively. For north winds, fetch lengths at mean sea-level for the seagrass and bare site are 142 

4.8 km and 4.5 km respectively, while for south winds fetch lengths for the seagrass and bare site 143 

are 2.7 km and 3.0 km, respectively. The largest waves in South Bay are typically formed during 144 

storm events with winds from the N-NE directions, with significant wave heights reaching 0.3 m 145 

(Reidenbach and Thomas 2018; Hansen and Reidenbach 2013). Winds from the east and west 146 

are unable to generate large waves due to the short fetch length and the presence of barrier 147 

islands and marsh that border South Bay. Wind data were obtained from a R.M. Young Wind 148 

Monitor anemometer located 5 km south of the site. Although there is some variability in the 149 

bathymetry, the mean water depth only varied by ±0.1 m across a 2 km long north to south 150 

transect within the seagrass meadow (Reidenbach and Thomas 2018). 151 

 152 

Hydrodynamics and water quality parameters 153 
 154 

 A suite of hydrodynamic and water characteristics sensors were deployed at the seagrass 155 

and unvegetated sites for a minimum of 7 days during each season. Deployments took place in 156 

winter (January 21-29), spring (April 4-17), early summer (June 26-July 3), mid-summer 157 

(August 6-13), and fall (October 17-30) of 2013, and in the winter (February 20-March 4), spring 158 

(April 1-14) and early summer (May 27-June 4) of 2014. Current velocities (u, v, w) were 159 

obtained with a 6 MHz Nortek Vector acoustic Doppler velocimeter (ADV) measuring 160 

approximately 0.1 m above the bed at a sampling rate of 16 Hz. Velocity measurements were 161 

quantified at a single point within a 1 cm3 sampling volume, and obtained in 10-minute bursts 162 

every 30 minutes, with 9600 samples per burst. To account for changes in flow patterns that 163 

might occur over Spring-Neap cycles, ADVs were simultaneously deployed at the seagrass and 164 

unvegetated sites for the duration of each seasonal deployment. Raw ADV data were filtered to 165 



 8 

remove samples with poor correlation (<85%) and low signal to noise ratio (SNR<25 dB). Data 166 

were also removed when the ADV velocity transducer was exposed to the air during low tide. 167 

The resulting velocity data were then converted from compass coordinates into u, v and w 168 

components, followed by a coordinate rotation where u is oriented in the direction of mean flow 169 

and the transverse (v) and vertical (z) components were minimized.  170 

Water depth, tide and wave characteristics (wave period and significant wave height) 171 

were collected with Richard Brancker Research (RBR) model TWR-2050P wave gauges. These 172 

were positioned 0.1 m above the bed and adjacent to each ADV. The wave gauges recorded 173 

hydrostatic pressure for 1024 samples at a frequency of 4 Hz once every 10 min. Significant 174 

wave height for each wave record was obtained using the RBR wave analysis software (Ruskin) 175 

based on the variance of the 4-Hz depth-corrected water-surface elevation time series (Wiberg 176 

and Sherwood 2008). Suspended sediment concentrations were obtained with Campbell 177 

Scientific optical backscatter sensors (model OBS-3+). An OBS was coupled with each ADV 178 

and sampled at 16 Hz. The OBS sensors were positioned at the same depth as the ADV sampling 179 

volume (0.1 m above the bed). If necessary, a small patch of seagrass, roughly 0.2 m in diameter 180 

was removed from beneath the ADV and OBS sampling volumes to prevent interference with 181 

measurements. The sensors were previously calibrated to the sediment at each site (Hansen and 182 

Reidenbach 2012). Light and temperature loggers (Onset HOBO Pendant UA-002-64) were also 183 

deployed at the seagrass and bare sites. Two were positioned on each ADV instrument frame: 184 

one above the water surface and the other at the same depth as the ADV and OBS sampling 185 

volumes at 0.1 m above the seafloor. This allowed for the estimation of light levels both above 186 

and within the water column. Each logger recorded at 4-minute intervals. The loggers were 187 

calibrated with a photosynthetically active radiation (PAR) sensor using the procedure described 188 
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by Long et al. (2012). A Yellow Springs Incorporated (YSI) model 6600 V2 water quality sonde 189 

was deployed 0.1 m above the bed at the seagrass site and measured temperature, salinity, 190 

pressure, pH, DO, turbidity, and water column chlorophyll a. Measurements were recorded at 191 

intervals of 4 minutes.  192 

 193 

Microphytobenthos and sediment sampling 194 

Replicate sediment samples were collected from the seagrass and bare sites with a 195 

modified 6 mL syringe (ID 12 x 50 mm length; core dimensions of ID 11.2 x 7.9 mm). The 196 

syringe was inserted into the sediment and the top 10 mm retained for analysis. Due to the rapid 197 

attenuation of light through sediment, sampling the upper 10 mm captures the bulk MPB 198 

population (e.g. Paterson et al. 2000). Sediment samples were stored in centrifuge tubes (15 mL 199 

BD Falcon) on ice and in the dark while in the field, and stored at -20 ºC after returning from the 200 

field. Colloidal carbohydrate samples were lyophilized within 24 hours of collection 201 

(Underwood et al. 1995).  202 

 Sediment samples were taken at the beginning and conclusion of each season from the 203 

seagrass and bare sites between January 2013 and June 2014. Samples were also collected over 204 

consecutive days during the summer deployments, with sampling separated by at least 1 hour to 205 

capture the benthic diel diatom migration and the different influences of tidal water depth and 206 

solar irradiance levels. In total, 124 sediment samples were collected and analyzed for 207 

chlorophyll, and 118 samples for carbohydrate. Chlorophyll samples were processed using the 208 

method described by Lorenzen (1967). In summary, 8 mL of a 45:45 methanol:acetone solution 209 

(10% dH20) was added to each sample, sonicated for 1 minute, and allowed to extract overnight 210 

at -20 ºC. Following extraction, samples were centrifuged at 3660 rpm for 5 minutes and 3 mL of 211 
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the supernatants were measured at 665 nm and 750 nm using a Shimadzu model UV-1800 212 

spectrophotometer. The supernatants were then acidified with 0.25 mL 5% HCl and subsequently 213 

remeasured at both wavelengths to correct for phaeopigment content. Chlorophyll a and 214 

phaeopigments were calculated as (Lorenzen 1967): 215 

 𝑐ℎ𝑙 𝑎 = 9.091 × [26.73[(665𝑖 − 750𝑖) − (665𝑎 − 750𝑎)]𝑣] (1) 216 

 𝑝ℎ𝑎𝑒𝑜𝑝𝑖𝑔𝑚𝑒𝑛𝑡 = 9.091 × [26.73[1.7(665𝑎 − 750𝑎) − (665𝑖 − 750𝑖)]𝑣] (2) 217 

where 665i is the absorption at 665 nm prior to acidification, 750i is the turbidity correction for 218 

665i, 665a is absorption at 665 nm following acidification, 750a is turbidity correction for 665a, v 219 

is the volume (mL) of extract (v = 8 mL), and 9.091 is the conversion to mg m-2 of chlorophyll.  220 

 Colloidal carbohydrate samples were analyzed using the technique described by 221 

Underwood et al. (1995). This method incorporates the phenol-sulfuric acid assay (Dubois et al. 222 

1956). In this standard technique, lyophilized sediment (0.5 ± 0.1 g) was extracted in saline 223 

(25‰) for 15 minutes at room temperature and centrifuged for 15 minutes at 3660 rpm. The 224 

supernatant (1 mL) was removed and placed in a glass test tube followed by 0.5 mL w/v 5% 225 

phenol and 2.5 mL H2SO4. The solution was incubated at room temperature for 30 minutes and 226 

the absorbance measured at 485 nm. The addition of phenol and sulfuric acid produces a yellow 227 

solution that is quantified by a glucose standard curve. Carbohydrate concentrations are therefore 228 

given in glucose equivalent (μg gl. eq. G-1 dry sed. wt). 229 

Sediment characteristics were determined through seasonal sampling of 10 cm3 cores 230 

(depth = 1.75 cm) at the vegetated center site and a nearby bare site. Three replicate cores were 231 

collected seasonally at each site. Each sample was sieved through a 2 mm screen and bleached to 232 

remove organic matter prior to analysis. Grain size was analyzed using a laser diffraction particle 233 

size analyzer (Beckman Coulter LS 13 320), which returned a grain size distribution curve. D84 234 
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was determined from the curve as the diameter (Dx) at which 84% of the sample is finer than Dx. 235 

The annual mean D84 at the seagrass site was 155 ± 3 µm, and at the unvegetated site was 158 ± 236 

3 µm. No statistical variation in sediment size was found across season at either the seagrass or 237 

unvegetated site. 238 

 239 

Bed shear stress  240 

 Bed shear stress (τb) is defined as the frictional stress induced from fluid flow over the 241 

bed surface. In combined wave and current flows, the total shear stress is computed by (Wiberg 242 

and Smith 1983): 243 

 𝜏𝑏 = √𝜏𝑤𝑎𝑣𝑒2 +𝜏𝑐𝑢𝑟𝑟𝑒𝑛𝑡2  (3) 244 

where wave is the bed shear due to waves and current is the bed shear due to current. Indirect 245 

estimates of τcurrent are only possible through velocity measurements made above the surface and 246 

extrapolating to the bed. Three common techniques are the log profile, turbulent kinetic energy 247 

(TKE), and the Reynolds stress methods (Reidenbach et al. 2006). The log profile technique (LP) 248 

assumes a constant stress layer, steady flow, logarithmic velocity profile, and a defined turbulent 249 

boundary layer exists (Kundu 1990). These characteristics typically do not apply in vegetated 250 

systems, therefore this technique was not applied. The Reynolds stress (RS) method uses the 251 

covariance of velocity fluctuations: 𝜏𝑐𝑢𝑟𝑟𝑒𝑛𝑡 = −𝜌|𝑢′𝑤′̅̅ ̅̅ ̅̅ |. This method assumes a constant 252 

Reynolds stress (𝑢′𝑤′̅̅ ̅̅ ̅̅ ) within the inertial sublayer (Tennekes and Lumley 1972). Analysis of the 253 

flows measured within the seagrass and unvegetated sites showed that the RS technique is 254 

sensitive to noise fluctuations in measured u'w', since fluctuations in the horizontal components 255 

of velocity from the ADV typically contain an order of magnitude more noise compared to 256 

vertical contributions (Kim et al. 2000).  257 
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A preferred method in vegetated systems is the TKE method, current =CE , where 𝐸 =258 0.5(𝑢′2̅̅ ̅̅ + 𝑣′2̅̅ ̅̅ + 𝑤′2̅̅ ̅̅̅) is the turbulent kinetic energy, and C=0.19 is a proportionality constant 259 

(Kim et al. 2000; Stapleton and Huntley 1995; Verney et al. 2006). This approach assumes 260 

steady, current-dominated flows where turbulent fluctuations are attributed to currents only, and 261 

measurements are obtained within the constant stress layer. However, when waves are present, 262 

horizontal (u' and v') and vertical (w') contributions in wave orbital velocities lead to 263 

overestimates of TKE and shear. Under mixed wave-current conditions, an alternative is the 264 

modified TKE method (M-TKE), where only the vertical velocity fluctuations are considered: 265 

 𝜏𝑐𝑢𝑟𝑟𝑒𝑛𝑡 = 0.9𝜌𝑤′2̅̅ ̅̅̅ (4) 266 

This approach requires a proportionality constant of 0.9, recommended by Kim et al. (2000), and 267 

has been shown to provide accurate measurements in wave-dominated systems (e.g. Salehi and 268 

Strom 2012), and is applied to our data.   269 

 Bed shear due to waves (τwave) was computed separately from the high frequency pressure 270 

signal from the wave gauges, described by Wiberg and Sherwood (2008): 271 

 𝜏𝑤𝑎𝑣𝑒 = 𝜌𝑓𝑤2 𝑢𝑏2     𝑓𝑤 = 0.04 [ 𝑢𝑏𝑇2𝜋𝑘𝑏]−0.75
           (5) 272 

where fw is the friction factor, ub is the bottom wave orbital velocity, T is the wave period, and kb 273 

is the roughness length. Bottom orbital velocity ub is estimated from linear wave theory by 274 

computing the horizontal wave orbital velocity at the seafloor: 275 𝑢𝑏 = 𝜋𝐻𝑇𝑠𝑖𝑛ℎ(𝑘ℎ)      (6) 276 

where H is the significant wave height, k is the wave number, and h is the water depth. 277 

Roughness length kb is estimated from the sediment grain size as kb = 3D84 (Lawson et al. 2007). 278 
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Significant wave heights less than 0.03 m were not included in the bed shear analysis, since they 279 

do not contribute to motions at the seafloor. 280 

 281 

Determination of critical bed shear stress  282 

Several relationships have been proposed to predict the critical bed shear stress of fine 283 

grain sediments (Mehta 1988; Mitchener and Torfs 1996; Verney et al. 2006) which have relied 284 

upon a combination of laboratory and in situ studies. However, collection, storage and 285 

transportation can alter biological and physical conditions of the sediment and impact results. 286 

Studies suggest more accurate results are obtained from in situ measurements (Black and 287 

Paterson 1997; Pope et al. 2006) due to the reduced surface disturbance of the bed. Within the 288 

seagrass bed, the critical bed shear was estimated utilizing simultaneous velocity and SSC 289 

measurement obtained during seasonal deployments measured at 0.1 m above the seafloor. τb 290 

(Eq. 3) was first estimated using the time series of velocities measured by the ADV and τc was 291 

determined as the bed shear conditions when sediment suspension was initiated. Sediment 292 

suspension was determined to have been initiated when SSC increased in magnitude ≥100% (i.e., 293 

a doubling) within a 30-min time period, that also coincided with a corresponding increase in τb. 294 

The mean bed shear stress measured during this time period was used as an estimate of τc. This 295 

technique of identifying the leading edge of suspension events and observing the corresponding 296 

bed shear stress is similar to that applied by Lawson et al. (2007) in an adjacent coastal bay.  297 

Since previous measurements have shown that bed stresses at unvegetated sites in South 298 

Bay are often large enough to continually suspend sediment (Hansen and Reidenbach 2012), 299 

determination of τc using continuously recorded velocity and SSC is more problematic. The 300 

transition between flow conditions causing a shift from below to above τc typically only occurs 301 
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during slack water, surrounding low and high tide. Therefore, to determine τc at the unvegetated 302 

site, an in situ flow-through flume was utilized. The flume (1.8 m L x 0.28 m W x 0.6 m H) 303 

consists of two vertical walls to channelize the flow, and was open on the bottom to allow the 304 

walls to penetrate into the bed (Figure 2). The walls were clear acrylic and secured to aluminum 305 

supports with low-profile bolts. The supports were outside of the flume channel. This design left 306 

the bed and water flow within the flume minimally disturbed. The flume was deployed at low 307 

tide and was oriented in the primary direction of tidal flow. Trials were performed during rising 308 

tide when velocities were increasing from below to above critical bed stress thresholds. 309 

Velocities were recorded with a 10 MHz Nortek Vectrino ADV at the downstream end of the 310 

channel. The ADV sampled approximately 0.1 m above the bed at 10 Hz. Turbidity was recorded 311 

at 1 Hz with Seapoint turbidity loggers placed within and outside (‘ambient’) the flume. 312 

Sediment samples were collected for chlorophyll a and carbohydrate analysis before and after 313 

each trial. Replicate trials were conducted after sediment suspension was observed. All trials 314 

were conducted when water depths were less than 0.6 m. The critical bed shear stress was 315 

identified when turbidity within the flume doubled due to a corresponding increase in shear 316 

stress, the same criteria used for τc determination at the seagrass site. 317 

 318 

Hydrodynamic control experiments  319 

 The MPB growth response to an absence of shear was investigated utilizing clear 320 

cylindrical tubing (0.0825 m diameter x 0.61 m height) to prevent fluid velocities and shear 321 

stress from forming at the sediment-water interface. The tubing (‘cylinder’) was inserted 0.15 m 322 

(z) into the sediment, leaving 0.46 m (H) above the undisturbed sediment. The cylinder was 323 

secured to a PVC pole (0.019 m diameter) inserted 1.5 m into the bed to prevent movement and 324 
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subsequent bed disturbance from cylinder movement. The cylinder deployment height to 325 

diameter (H:D) ratio was 5.5:1. This aspect ratio minimizes turbulence within the cylinder and 326 

reduces bed shear stresses (Storlazzi et al. 2011). Three replicates were deployed at the seagrass 327 

site for 11 days. The spacing between replicates was greater than 10D to prevent flow influence 328 

between cylinders (Storlazzi et al. 2011). The cylinders were continuously submerged for the 329 

duration of the experiment, allowing exchange of nutrients and dissolved oxygen with ambient 330 

water, and the clear material allowed sunlight to reach the benthic surface. Sediment samples 331 

were collected prior to deployment, and from within and outside of the cylinders after 11 days. 332 

Sediment was analyzed for chlorophyll a and carbohydrate concentrations. Cylinders were also 333 

deployed at the bare site, however the experiment was unsuccessful due to strong tidal currents, 334 

which destabilized the cylinders, causing scouring and removal of the cylinders from the bed.  335 

 336 

Results 337 

Physical characteristics in South Bay for each season are provided in Table 1. The mean 338 

seasonal wind speed ranged from 3.5±2.0 to 5.6±3.2 m s-1 and the dominant direction was from 339 

the north. There was no statistical significant difference in wind speed and direction during the 340 

study period (1-way ANOVA p<0.01). The average water temperature ranged from 4.4±2.0 °C 341 

in the winter to 26.7±1.8 °C during the summer. Salinity was nearly constant across all seasons, 342 

confirming no significant freshwater sources. Dissolved oxygen (DO) was also nearly constant 343 

throughout the study (1-way ANOVA p<0.01). The photosynthetically active radiation (PAR), 344 

measured above the water surface, did not vary across season, however the length of daily 345 

insolation did vary due to changing day length.  346 
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 The average water depth seasonally ranged from 0.99 to 1.32 m at the seagrass site and 347 

from 0.88 to 1.09 m at the bare site. Variations seasonally within each site were primarily caused 348 

by changes in atmospheric pressure, neap-spring tidal fluctuations, wind setup and surge. 349 

Although of similar magnitude, seasonally averaged depths were greater at the seagrass site 350 

compared to the bare site (1-way ANOVA p<0.05). Tidal fluctuations were typically ±0.75 m 351 

around these average water depths. Currents in South Bay were tidally driven and influenced by 352 

the density of the seagrass meadow. Velocities at the seagrass site showed a seasonal trend 353 

(Figure 3A), where the average velocity in the winter (7.8 cm s-1) was 2.7 times higher and 354 

statistically different (t-test p<0.01) than the summer (2.8 cm s-1). Velocities generally did not 355 

exceed 20 cm s-1 during any season. Mean current velocities at the bare site were statistically 356 

similar across seasons, with a mean annual velocity of 12.8 cm s-1.  357 

 The percent difference in mean velocity between the seagrass and unvegetated site is 358 

shown in Figure 3B. This measure can be used as a proxy to quantify the effect of the seagrass 359 

meadow on velocity reduction. Spring (April) and summer (May-June) were observed to have 360 

the largest velocity reductions while the lowest reductions were observed in winter (January and 361 

February). This trend corresponds to the seasonal growth cycle of seagrass, where peak densities 362 

occur in the spring and summer. Averaged over an annual cycle, the mean velocity at the 363 

seagrass site (Jan 2013 to May 2014) was 4.3 cm s-1, while at the bare site the annual average 364 

was 12.8 cm s-1. While average velocities were not statistically different between seasons at the 365 

unvegetated site, velocities did increase slightly in the spring (April) and summer (May-June).  366 

 367 

Wave Characteristics 368 
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 The seasonally averaged mean Hs ranged from 0.04 to 0.10 m for the seagrass site, while 369 

the unvegetated site had consistently higher mean Hs at 0.078 to 0.11 m (Figure 4A). Comparing 370 

seasonal differences between the two sites (Figure 4B), seasonally averaged Hs was statistically 371 

similar (t-test p>0.05) at the vegetated and bare sites during the winter (January 2013 and 372 

February 2014), with observed wave height reductions of <10%. However, during summer, wave 373 

heights were statistically different and approximately 40 to 50% lower at the seagrass site 374 

compared to the bare site (June and August 2013). At the seagrass site, mean Hs was 1.8 times 375 

greater in the winter compared to summer (0.10 m and 0.056 m, respectively), but there was no 376 

significant seasonal difference at the bare site (t-test p>0.05). Differences in wind speed and 377 

direction were not likely an important factor since there was no seasonal difference observed. 378 

 379 

Critical bed shear stress 380 

 In total, 36 trials using the in situ flume were performed to determine the critical bed 381 

shear stress necessary to initiate sediment suspension at the unvegetated site. Of these, 17 382 

showed clear signals of sediment suspension being initiated, coinciding with an increase in τb. 383 

Example results from two representative critical bed shear stress trials are shown in Figure 5. 384 

Increases in turbidity (black lines) were observed to follow increases in bed shear stress (blue 385 

lines and symbols). The turbidity response was delayed relative to the increase in shear in the 386 

trials by approximately 1 minute as the suspended sediment mixed vertically upwards and 387 

traversed the length of the flume to the turbidity sensor. Delays were consistent with flows of 388 

approximately 5 cm s-1 at a measured elevation of 0.1 m above the seafloor. Based on all the 389 

flume experiments with sediment suspension, a mean τc = 0.021 Pa with a standard error (s.e.) of 390 

0.005 Pa (N = 17) was found.  391 
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 The critical bed shear stress was also examined in situ using the seasonal data from the 392 

seagrass bed (Table 2). The τc was identified using the same SSC criteria as the flume study, 393 

although there is considerable variability in the data due to the dynamics of the suspended 394 

sediment, that once suspended, it typically stays in suspension for hours to days. The τc values 395 

range from 0.024±0.015 (mean±s.e.) Pa in summer to 0.056±0.014 Pa in the winter, with a clear 396 

trend of higher τc values coinciding with time periods of lower seagrass biomass. On average, τc 397 

was found to be 2.3 times higher in the winter than summer.  398 

 399 

Seasonal Bed Shear Stress  400 

 Boxplots of seasonal bed shear stress are presented in Figure 6. Red horizontal lines on 401 

the figure define the τc range of 0.02 to 0.05 Pa that were determined from the flume and 402 

seasonal analyses. Mean shear was greatest in January (τb = 0.05 Pa) and lowest in April 2014 (τb 403 

= 0.019 Pa) at the seagrass site, with an annual average of 0.03 Pa. In comparison, shear at the 404 

bare site was significantly greater throughout most of the study period (t-test p<0.05), with 405 

exception of January and October 2013 (t-test p>0.05) where shear was statistically similar. At 406 

the unvegetated site, the mean shear was highest in April 2013 (τb = 0.14 Pa) and lowest in 407 

October (τb = 0.06 Pa), with an annual average of 0.11 Pa. Shear values at the unvegetated site 408 

were statistically different between season (t-test p<0.01), while bed shear was statistically 409 

similar between seasons at the seagrass site (t-test p>0.05). Comparing the seagrass and 410 

unvegetated sites, the greatest difference in shear occurred in late spring and summer 411 

(statistically different, t-test p<0.01) due to flow and wave height reductions caused by the 412 

seagrass vegetation.  413 

Figure 6C, 6D shows the percent of time during each season when shear stress exceeded 414 
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the τc threshold values of either τc = 0.02 Pa or 0.05 Pa at each site. Across all seasons, the shear 415 

stress at the seagrass site was 60% above the lower τc value of 0.02 Pa, and 20% above the upper 416 

range value of 0.05 Pa during the time periods of measurement. The shear stress at the bare site 417 

was above the lower τc value of 0.02 Pa during 88% of the time periods of measurement, and 418 

71% above the upper range value of 0.05 Pa. 419 

 420 

Suspended sediment concentrations 421 

 The mean seasonal suspended sediment concentrations (SSC) for both the seagrass and 422 

bare sites are shown in Figures 7A and 7B. The bare site had statistically higher SSC than the 423 

seagrass site when averaged annually (t-test p<0.05). While there was no statistical difference in 424 

mean SSC across seasons within the seagrass site (t-test p>0.05), at the bare site SSC was 425 

statistically higher in the summer than winter (t-test p<0.05). Water column chlorophyll was 426 

consistently below 10 g L-1 throughout all seasons (Figure 7C) and therefore was only a minor 427 

contribution to overall turbidity levels that might impact subsurface PAR (Figure 7D). PAR 428 

levels measured near the seafloor varied primarily due to variations in water depth due to tidal 429 

fluctuations and turbidity caused by suspended sediment. The mean subsurface winter and 430 

summer PAR values measured at 0.1 m above the seafloor at the seagrass site were 1500 and 431 

1300 μmol photons m-2 s-1, respectively. At the bare site, the mean PAR measured at 0.1 m above 432 

the seafloor was 1300 and 960 μmol photons m-2 s-1 in the winter and summer, respectively. This 433 

suggests higher light levels were found at the seagrass than bare site at 0.1 m above the seafloor, 434 

primarily due to lower turbidity caused by suspended sediment. Values for PAR measured above 435 

the water surface are given in Table 1. 436 

 437 
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Benthic chlorophyll and carbohydrate concentrations 438 

 Seasonal sediment chlorophyll a concentrations for the seagrass and bare sites are shown 439 

in Figure 8A, 8B. In general, concentrations were slightly higher in the winter and early summer 440 

(June/May) and lower in the spring at the seagrass site, though differences were not statistically 441 

significant (1-way ANOVA, p>0.05). Lower solar insolation and water temperatures in the 442 

winter were anticipated to suppress growth, however concentrations were high compared to 443 

summer values. Chlorophyll concentrations were highest in January 2013 then declined through 444 

October 2013, which suggests the role of turbidity, and seagrass shading, in inhibiting light and 445 

MPB growth during the summer at the vegetated site.  446 

 The highest and lowest mean concentrations of sediment chlorophyll a at the bare site 447 

were in January (63.6 mg m-2) and June (1.7 mg m-2) 2013, respectively, but concentrations did 448 

not follow a seasonal trend. Comparing similar seasons, the concentration in January was at a 449 

maximum, while the following year in February they were nearly at a minimum (63.6 and 9.7 450 

mg m-2, respectively). This is likely due to increased storm activity in February 2014 that 451 

increased bed shear and prevented MPB expansion. Chlorophyll a concentrations in June 2013 452 

were notably low, with the majority of sample replicates indicating an absence of chlorophyll (0 453 

mg m-2).  454 

 The sediment carbohydrate concentrations are presented in Figure 8C, 8D. The largest 455 

range was observed in April 2013 at both sites, most notably at the seagrass site. This may be 456 

because spring is a transition from winter to summer conditions. Concentrations were 457 

consistently higher at the seagrass site, with a mean concentration of 90.2 µg g-1, while the bare 458 

site had an average carbohydrate concentration of 49.9 µg g-1. Grouping seasons, mean 459 

concentrations were statistically different with higher values in the winter (104.59 µg g-1) than 460 
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summer (84.85 µg g-1) (t-test p<0.01). At the bare site, concentrations were statistically similar 461 

except for a decrease in April 2014 (t-test p<0.01).  462 

To determine the relationship between sediment chlorophyll and carbohydrate 463 

concentrations and the critical shear stress, sediment chlorophyll a and carbohydrate 464 

concentrations were grouped for both the bare and seagrass sites during each season, and 465 

compared to the mean τc across both sites (Figure 9). Although there is significant variability, τc 466 

was found to increase with increases in both chlorophyll a and carbohydrate concentrations. 467 

Separate linear fits were determined, which both indicate there is a statistically significant 468 

relationship (p<0.01) between increased MPB production and increases in τc. 469 

 470 

Hydrodynamic control experiments 471 

The MPB response to a low shear, high light environment was explored using the 472 

cylinder experiment (Table 3). Cylinders were deployed in August 2014 for an 11 day period 473 

when mean water temperatures were near the upper production threshold of 30º C. In the absence 474 

of shear and seagrass shading, at the end of the 11 day period sediment chlorophyll levels within 475 

the cylinder were 35% higher and statistically different (t-test p<0.05) compared to 476 

concentrations outside the cylinder. Sediment carbohydrate concentrations were 7 times higher 477 

within the cylinders and statistically different (t-test p<0.01) compared to outside of the 478 

cylinders. However, carbohydrate levels within the cylinders were only 23% higher than the 479 

concentrations measured during the start of the experiment (t-test p>0.05). The significant 480 

decrease in carbohydrate found between the start and end of the experiment within the seagrass 481 

meadow (outside of the cylinders), and high standard errors, reflect the ephemeral nature of 482 

extracellular secretions. However, it is possible that some of the carbohydrate measured is dead 483 
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MPB biomass (i.e. which may not contribute to a c increase), since the cylinders stop the 484 

carbohydrates associated with dead MPB from being washed away. In comparison, sediment 485 

chlorophyll decreased only by 11% from beginning to end of the experiment (outside of the 486 

cylinders) and the standard errors were much smaller. Overall, the MPB response was positive in 487 

a low shear environment, increasing MPB biomass.  488 

 489 

Discussion 490 

 Although there is large inherent variability in the dynamics of bed stress and suspended 491 

sediment due to changes in wave- and tidally-driven water velocities, there was a clear 492 

relationship between higher suspended sediment concentrations with larger bed shear stress, once 493 

a critical shear stress threshold was surpassed. This τc was found to vary both spatially and 494 

temporally within South Bay, and elevated values of τc were correlated with increased 495 

concentrations of MPB and aboveground seagrass biomass. Mean τc was found to be 496 

0.021±0.005 (s.e., n = 17) Pa at the unvegetated site, and was correlated with relatively low 497 

benthic chlorophyll and carbohydrate concentrations compared to the seagrass site across all 498 

seasons. The shear stress at the bare site was found to be above the τc = 0.02 Pa threshold for 499 

sediment suspension during 88% of the time periods of measurement. This bed stress above 500 

critical levels suggests a continual reworking of the bed sediments that likely prevented MPB 501 

from developing and thereby limiting the cohesiveness of the sediments through the development 502 

of EPS. At the seagrass site, τc seasonally ranged between 0.024 Pa in summer and 0.056 Pa in 503 

winter. Although there was temporal variability in MPB, sediment carbohydrate was statistically 504 

greater in the winter (104.59 µg g-1) than summer (84.85 µg g-1) as compared to 49.9 µg g-1 505 

measured at the bare site, which did not show statistically significant seasonal variations. This 506 
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relationship between higher carbohydrate and greater τc is comparable to findings by Austen et 507 

al. (1999), who measured the erodibility of sediments along a mudflat transect.  508 

Bed shear at the seagrass site was below the lower τc threshold of 0.2 Pa during 40% of 509 

the time periods of measurement, and below the upper τc = 0.05 Pa during 80% of the time 510 

period of measurements. This stabilization of the bed due to the presence of seagrass suggested 511 

favorable physical conditions for growth of MPB. The hydrodynamic control experiments using 512 

clear plastic tubing confirmed that a low shear stress environment created large increases in 513 

MPB. Seagrass, such as Z. marina, reduce the hydrodynamic energy imposed at the seafloor, 514 

both due to a reduction in mean currents and waves (e.g. Bradley and Houser 2009; Hansen and 515 

Reidenbach 2012). However, seasonal seagrass growth cycles alter the hydrodynamic influence 516 

due to changes in above ground biomass (Hansen and Reidenbach 2013). Our results found 517 

significant wave height and current attenuation at the seagrass site compared to the adjacent 518 

unvegetated site. During winter, when seagrass biomass is near minimum, mean velocities were 519 

reduced by approximately 40-50%, while wave heights were only reduced by <10%. However, 520 

in late spring-summer during peak seagrass biomass, velocities were reduced by up to 150% and 521 

wave heights by 30-50% compared to the unvegetated site. Although wind direction across the 522 

coastal bay system provided a wide variety of fetch lengths to consider which may have 523 

impacted wave attenuation, these results are in general agreement with Reidenbach and Thomas 524 

(2018), who quantified similar wave height attenuation magnitudes across the seagrass canopy in 525 

South Bay over a much more limited range of north to south wind directions (wind direction of 526 

22.5° to either side of due north). During spring-summer conditions, at the unvegetated site water 527 

velocities and SSC increased substantially, suggesting the drag and reduced flow imposed by the 528 
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seagrass canopy created enhance flows over the bare site in South Bay, thereby increasing both 529 

bed shear stresses and SSC.  530 

 531 

Potential other biological and physical factors controlling sediment dynamics 532 

Although there are statistically significant correlations between increases in MPB and 533 

elevated critical shear stress, large seasonal variations in τc occurred within the seagrass bed for 534 

relatively modest changes in MPB. This suggests that there may be other co-occurring processes 535 

within the seagrass bed, both physical and biological, that could be impacting sediment stability 536 

(De Boer 2007). Alternative controls that may also enhance sediment stability within the 537 

seagrass are: (a) alterations to the nutrient and organic content of sediments, (b) changes in 538 

bioturbation due to seagrass density, (c) alterations in sediment stability due to rhizome structure, 539 

and (d) variations in water depth and circulation patterns that alter near bed flow conditions. 540 

Even though the range of critical bed shear stress measured in this study are of similar magnitude 541 

to previous studies within coastal bays in Virginia (Lawson et al. 2004; Lawson et al. 2012), they 542 

are substantially smaller than those measured within cohesive sediments in regions colonized by 543 

the seagrasses Cymodocea nodosa and Zostera noltii in Venice Lagoon, where critical stress 544 

thresholds ranged from 0.69 to 1.10 Pa (Amos et al. 2004). Although the cause for these 545 

differences are not certain, sediments in Venice Lagoon are comprised of substantially higher 546 

organic matter (25-50%) and at some sites, an approximately 1 mm thick surface biofilm layer. 547 

Widdows et al. (2008) also found an increase in the critical bed shear stress within a 548 

seagrass canopy which was largely explained by an increase in MPB, but also due to a lower 549 

density of the grazer and bio-destabilizer Hydrobia ulvae. A field study by Fonseca (1989) 550 

measured sediment stabilization by a variety of seagrass species and found that Halophila 551 
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decipiens, despite having substantially smaller leaf biomass than other seagrass species increased 552 

the threshold velocity for sediment motion. He found that beyond just aboveground leaf biomass, 553 

rhizomes that grow closer to the sediment-water interface can act as a physical driver for 554 

sediment stabilization. Therefore, the seagrass canopy itself could be impacting sediment 555 

properties, and near-bed biological processes other than MPB can additionally have a direct 556 

impact on τc and sediment erosion/deposition dynamics. 557 

Variations in water depth and location within these shallow coastal bays likely also have 558 

a major impact on sediment erosion/deposition. The mean water depth at the seagrass site, that 559 

seasonally ranged from 0.99 to 1.32 m, was approximately 10% to 20% greater than that 560 

measured at the bare site (0.88 to 1.09 m). This variation may have an impact on near bed flow 561 

conditions. In general, tidally-driven flows in these shallow coastal bays are controlled through a 562 

balance between tidal excursion range and friction at the seafloor, with locations consisting of 563 

deeper water and closer to inlets typically associated with higher mean velocities and shorter 564 

residence times (Safak et al. 2015). Safak et al. (2015) modeled hydrodynamics within the VCR 565 

in the absence of benthic vegetation and predicted that the location of the seagrass site would 566 

have slightly higher mean velocities than the bare site. This suggests that the reduced mean 567 

velocities measured at the seagrass site are primarily due to the presence of vegetation.  568 

The impact of differences in mean water depths at the two sites on wave statistics is less 569 

straightforward. Linear wave theory suggests waves will attenuate before reaching the seafloor 570 

for 𝑓 > √𝑔/(4𝜋ℎ), where f is the wave frequency (T = 1/f) and h is the water depth (Wiberg & 571 

Sherwood 2008). Previous wave measurements in South Bay (Reidenbach and Thomas 2018) 572 

found that the wind waves formed over South Bay had relatively short wave periods that 573 

seasonally ranged from T= 1.6 to 2.4 s, but were not statistically different between the bare and 574 
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seagrass sites. This range indicates that for similar wave conditions, a deeper water depth would 575 

experience smaller wave orbital velocities at the seafloor. Our results show that wave heights 576 

were statistically different and approximately 40 to 50% lower at the seagrass site compared to 577 

the bare site in summer, but not statistically different in winter. The equation describing the 578 

maximum wave orbital velocity at the seafloor is 𝑢𝑏 = 𝜋𝐻𝑇𝑠𝑖𝑛ℎ(𝑘ℎ) (Eq. 6) and indicates that, 579 

holding other wave characteristics constant, that lower wave heights and slightly deeper water 580 

depths at the seagrass site both act to reduce near-bed orbital velocities compared to the bare site. 581 

For the roughly 10 to 20% increase in mean water depths at the seagrass site compared to the 582 

bare site, and typical wave characteristics measured in South Bay, the increased water depth 583 

should also reduce wave orbital velocities at the seafloor by approximately 10 to 20%, while the 584 

decrease in wave height of 40 to 50% would reduce near bed orbital velocities by 40 to 50%. 585 

This suggests that wave height attenuation by the seagrass bed in summer has a greater impact on 586 

the reduction of wave orbital velocities than due to the deeper water depths. In winter, since 587 

wave heights are statistically similar, a deeper mean water depth at the seagrass site would tend 588 

to have a more prominent impact on reduced wave orbital velocities at the seafloor compared to 589 

the bare site.  590 

 591 

Seasonal variations in seagrass, MPB, and shear stress 592 

It was hypothesized that within the seagrass bed, higher average shear stresses in the 593 

winter may remove sediment chlorophyll and carbohydrate, however this was not observed. 594 

Higher chlorophyll/carbohydrate levels were observed in winter and early spring when seagrass 595 

density was minimal. While low water temperatures can suppress algal growth (Colijn and De 596 

Jonge 1984), the sparse seagrass meadow offset this effect by allowing more sunlight to reach 597 
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the surface. The mean subsurface winter PAR for the seagrass site was 1500±800 μmol photons 598 

m-2 s-1, while during the summer it was 1300±790 μmol photons m-2 s-1. Although the bed shear 599 

stress measured at the seagrass site was not statistically different between seasons (Figure 6A), 600 

bed shear was found to be below critical stress levels for a greater proportion of time during 601 

winter than summer, even while factoring in the effects of elevated seagrass density in summer 602 

(Figure 6C). This combination of greater light penetration to the seafloor and enhanced bed 603 

stability likely created a positive feedback for MPB growth. Once developed, the higher 604 

chlorophyll and carbohydrate levels could then contribute to increased bed stability, which was 605 

reflected by a 2.3-fold increase in τc in winter compared to summer. 606 

 Due to the temporal and spatial variability in the chlorophyll and carbohydrate results, it 607 

is not possible to determine the relative importance of light availability or low bed shear in 608 

controlling MPB growth and activity in South Bay. While low light is a factor that can limit 609 

primary production, diatoms have been shown to be able to adapt to low light environments by 610 

increasing pigment production and light use efficiency (Cahoon 2014; García‐Robledo et al. 611 

2012). In addition, sediment grain size, hydrodynamic forces, and faunal grazing may all affect 612 

MPB at various spatial and temporal scales, leading to patch distributions and variable growth 613 

rates (Pratt et al. 2015; Weerman et al. 2010). Marine foundation species (such as dense 614 

communities of lugworms and mussels) have been found to increase MPB by attenuating 615 

hydrodynamic stresses and improve sediment stability (Donadi et al. 2013). However, 616 

macrofauna may also adversely impact MPB biomass and increase the erodibility of sediment 617 

through bioturbation (Orvain et al. 2014). We did not measure any impacts of grazing pressure or 618 

bioturbution on MPB biomass, and therefore, seasonal variations in these activities within the 619 

seagrass site may additionally impact both MPB and associated critical shear stresses.  620 
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 A lower τc during summer could also be partially explained by increased fine sediment 621 

accumulation within the seagrass meadow due to hydrodynamic attenuation by the seagrass. 622 

There have been documented changes in sediment bed characteristics, namely the fining of 623 

sediments within the seagrass meadow as the meadow has developed over the past decade 624 

(McGlathery et al. 2012). Lower energy flows could enable the accumulation of fine sediments 625 

in the summer, making them more susceptible to suspension, and a lower τc, than in winter when 626 

grain sizes are larger. Previous measurements within the same seagrass bed found finer 627 

sediments within the seagrass canopy (130±17 m) compared to an unvegetated site (157±7 m) 628 

during summer time measurements in 2010 (Hansen and Reidenbach 2012). However, sediment 629 

samples collected during our experiments (in 2013 and 2014) showed no statistical difference in 630 

sediment size between the seagrass (155 ± 3 µm), and the unvegetated site (158 ± 3 µm). Likely, 631 

there is inherent spatial and temporal variability in sediment grain size within the seagrass bed 632 

that make conclusive statements regarding its overall effect on critical shear stress difficult. 633 

Both seagrass and MPB have been shown independently to stabilize sediment surfaces 634 

through either hydrodynamic attenuation or increased sediment cohesion, respectively (Hansen 635 

and Reidenbach 2013; Friend et al. 2003a). Although the interactive effects of seagrass and MPB 636 

levels have not been previously reported, macroalgae and MPB have been found to interact in 637 

non-linear ways and compete for light and nutrients (Hardison et al. 2013). Recent measurements 638 

of MPB biomass in an adjacent coastal bay, also located within the Virginia Coast Reserve, 639 

found no consistent effect of macroalgae (Gracilaria vermiculophylla) biomass on MPB biomass 640 

(Besterman and Pace 2018). Even though this macroalgae can maintain large population 641 

densities throughout the year (Thomsen et al. 2006), due to its growth cycle and mobility, large 642 

seasonal and spatial variations in biomass occur (Besterman and Pace 2018). The ephemeral 643 
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nature of Gracilaria may prevent it from having a significant impact on MPB, as compared to 644 

seagrass meadows which show a perennial aboveground biomass which enable for the reduction 645 

of currents and stabilization of the bed throughout the year. 646 

 647 

Conclusion 648 

 While average shear stresses were statistically similar across seasons at the seagrass site, 649 

lower aboveground seagrass biomass led to higher light availability at the seafloor in winter vs. 650 

summer. Although other physical and biological drivers cannot be ruled out, this likely led to the 651 

increase in MPB biomass (chlorophyll and carbohydrate) and EPS, thereby increasing τc in 652 

winter vs. summer (0.056±0.014 and 0.024±0.015 Pa, t-test p<0.01). In addition, while high 653 

seagrass biomass conditions in summer are potentially detrimental to MPB biomass due to 654 

shading, it appears to still be beneficial to MPB growth by stabilizing the bed. The results of the 655 

hydrodynamic control cylinder experiments confirm that a high light and low shear stress 656 

environment is conducive to MPB productivity within this shallow coastal bay. These findings 657 

lead to a greater conceptual understanding of the integrated bio-physical system, where Z. 658 

marina and MPB both provide seasonal bed stabilization. Although seagrass does create shading 659 

of the seafloor, the dual effects of lowered suspended sediment concentrations and bed shear 660 

stresses within the canopy creates a positive feedback for MPB growth.  661 

 662 
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Tables 889 

Table 1. Seasonal mean wind speed (±s.d.), wind direction, photosynthetically active radiation 890 

(PAR) measured above the water surface, water temperature (±s.d.), salinity (±s.d.) and 891 

dissolved oxygen (±s.d.). 892 

 Date 

Wind 

Speed  

Wind 

Dir. 

PAR 

(μmol photons Temp. Salinity DO 

  (m s-1)  (deg.) m-2 s-1) (°C)  (PSU) (% sat) 

Jan 2013 4.4±2.5 27 N/A 4.3±2.0 30.3±0.3 100.8±6.4 

Apr 2013 4.9±2.0 336 1700 15.0±3.4 N/A N/A 

Jun 2013 4.8±1.6 313 1460 24.9±1.7 30.6±2.9 103.0±26.4 

Aug 2013 3.6±1.8 312 2240 26.7±1.8 32.2±0.6 104.7±24.8 

Oct 2013 3.5±2.0 19 2220 17.0±2.8 29.3±0.8 102.0±9.3 

Feb 2014 5.6±3.2 46 2150 5.5±2.5 30.6±0.2 101.5±7.0 

Apr 2014 4.3±1.7 333 N/A 13.4±2.4 31.5±0.2 108.9±15.0 

May 2014 4.6±2.3 303 2280 22.1±2.3 30.7±0.3 118.5±28.8 

 893 

 894 

Table 2. Summary of seasonal τc values measured at the seagrass site (mean ± s.e.). 895 

  Jan 2013 Jun 2013 Oct 2013 Feb 2014 Apr 2014 May 2014 

τc (Pa) 0.056±0.014 0.024±0.015 0.031±0.025 0.052±0.045 0.033±0.027 0.033±0.026 

 896 

 897 

Table 3: Chlorophyll and carbohydrate concentrations (mean ± s.e.) at the seagrass site both 898 

outside of and within clear cylinders used as a hydrodynamic control, measured during 899 

deployment (initial concentrations) and recovery (final concentrations) of the cylinders across an 900 

11 day period (n = 3).  901 

  
initial concentration 

(outside cylinder) 

final concentration 

(outside cylinder) 

final concentration 

(within cylinder) 

Chlorophyll (mg m-2) 43.0±1.3 38.3±8.9 51.8±7.3 

Carbohydrate (µg g-1) 236.7±114.0 36.2±7.7 291.0±50.0 

  902 
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Figure legends 903 

 904 

Figure 1. Map of the study location and South Bay site coordinates. The white outline in the 905 

right subfigure indicates the seagrass meadow extent as of 2010 (Orth et al. 2012).  906 

 907 

Figure 2. Diagram of in situ flume used to determine the critical bed shear stress.  908 

 909 

Figure 3. (A) Mean seasonal velocities for the seagrass (green) and bare (black) sites with ±1 910 

standard deviation. The standard deviation is shown to signify the range in velocities during each 911 

season due to tidal fluctuations and other forcing mechanisms. (B) Percent reduction in mean 912 

velocity at the seagrass site relative to the unvegetated site.  913 

 914 

Figure 4. (A) The mean seasonal Hs at the seagrass (green) and adjacent bare (black) sites with 915 

±1 standard deviation. The standard deviation is shown to signify the range in Hs during each 916 

season due to variations in wind magnitude and other forcing mechanisms. (B) Percent 917 

differences in mean Hs between the seagrass and unvegetated site. 918 

 919 

Figure 5. Time-series of shear stress (blue) and turbidity (black) from two flume trials at the 920 

unvegetated site to determine τc. The red horizontal lines denote a shear stress of 0.04 Pa 921 

estimated by Lawson et al. (2007).  922 

 923 

Figure 6. Boxplot of seasonal bed shear stress for the (A) seagrass and (B) unvegetated sites. 924 

The red horizontal lines mark the τc range of 0.02 to 0.05 Pa. Central lines within each box 925 
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represents the median, the bottom and top box limits are the 25th and 75th percentiles, 926 

respectively. Whiskers are the minima and maxima. Shear stress could not be calculated at the 927 

seagrass site in August due to poor ADV signal quality. (C) Percent of time above the τc range of 928 

0.02 Pa to 0.05 Pa for the seagrass and (D) bare sites for each seasonal deployment. 929 

  930 

Figure 7. Boxplot of seasonal suspended sediment concentrations (SSC) for the (A) seagrass and 931 

(B) bare sites, (C) water column chlorophyll levels measured at the seagrass site, and (D) 932 

average water column PAR levels at the seagrass (green line) and bare sites (black line). Central 933 

lines within each box represents the median, the bottom and top box limits are the 25th and 75th 934 

percentiles, respectively. Whiskers are the minima and maxima. 935 

 936 

Figure 8. Boxplot of seasonal benthic chlorophyll a from the (A) seagrass and (B) bare sites. 937 

Boxplot of seasonal benthic colloidal carbohydrate from the (C) seagrass and (D) bare sites. 938 

Central lines within each box represents the median, the bottom and top box limits are the 25th 939 

and 75th percentiles, respectively. Whiskers are the minima and maxima not considered outliers, 940 

and the red crosses are outliers. No carbohydrate data was collected during January 2013 at 941 

either the seagrass or bare site. 942 

 943 

Figure 9. Mean seasonal relationship between τc, chlorophyll a (green) and carbohydrate (dark 944 

green) with standard error, combined for seagrass and bare sites. Data points represent the mean 945 

sediment chlorophyll a or carbohydrate concentrations within each season for both the bare and 946 

seagrass sites combined, and compared to the mean τc. Both the chlorophyll a and carbohydrate 947 
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best-fit lines indicate a statistically significant relationship (p<0.01) between increases in MPB 948 

with increases in τc. 949 
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