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a b s t r a c t 

In shallow coastal bays where nutrient loading and riverine inputs are low, turbidity, and the consequent 

light environment are controlled by resuspension of bed sediments due to wind-waves and tidal currents. 

High sediment resuspension and low light environments can limit benthic primary productivity; however, 

both currents and waves are affected by the presence of benthic plants such as seagrass. This feedback be- 

tween the presence of benthic primary producers such as seagrass and the consequent light environment has 

been predicted to induce bistable dynamics locally. However, these vegetated areas influence a larger area 

than they footprint, including a barren adjacent downstream area which exhibits reduced shear stresses. 

Here we explore through modeling how the patchy structure of seagrass meadows on a landscape may affect 

sediment resuspension and the consequent light environment due to the presence of this sheltered region. 

Heterogeneous vegetation covers comprising a mosaic of randomly distributed patches were generated to in- 

vestigate the effect of patch modified hydrodynamics. Actual cover of vegetation on the landscape was used to 

facilitate comparisons across landscape realizations. Hourly wave and current shear stresses on the landscape 

along with suspended sediment concentration and light attenuation characteristics were then calculated and 

spatially averaged to examine how actual cover and mean water depth affect the bulk sediment and light en- 

vironment. The results indicate that an effective cover, which incorporates the sheltering area, has important 

controls on the distributions of shear stress, suspended sediment, light environment, and consequent sea- 

grass habitat suitability. Interestingly, an optimal habitat occurs within a depth range where, if actual cover 

is reduced past some threshold, the bulk light environment would no longer favor seagrass growth. 

Published by Elsevier Ltd. 
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. Introduction 

In shallow coastal bays that lack riverine discharge, sediment dy-

amics are dominated by internal resuspension due to wind-waves

nd tidal currents [1] . Primary production in coastal bays, typically

ominated by benthic plants (seagrasses and algae) can be severely

imited when sediment resuspension is high, resulting in low light

nvironments [2] . This is more important for high light requirement

pecies such as seagrass, which need roughly 20% of incident light at

he seafloor for survival [2–6] . 

Both currents and waves are affected by the presence of benthic

lants [7] and the magnitude and importance of resuspension may

ncrease when rooted vegetation is absent due to the lack of the sed-

ment stabilizing effects of the plants [8–10] . This reduction in sedi-

ent resuspension due to the presence of benthic primary producers

esults in a positive feedback between vegetation and sediment sus-
∗ Corresponding author at: Patuxent Wildlife Research Center, U.S. Geological Sur- 

ey , 12100 Beech Forest Road, Laurel, MD 20708, United States. Tel.: +1 3014975710. 

E-mail address: jac6t@virginia.edu (J.A. Carr). 

B  

m  

b  

d  

ttp://dx.doi.org/10.1016/j.advwatres.2015.09.001 

309-1708/Published by Elsevier Ltd. 
ension/deposition and a more beneficial light environment for sea-

rass growth [7] . Positive feedbacks between the state of the system

e.g., seagrass cover) and limiting resources (e.g., light) can induce

he emergence of alternate stable states in ecosystem dynamics [11] .

n the case of seagrass ecosystems, these alternate states would be

xhibited by either bare sediment beds with high suspended loads

nd poor light environments for seagrass growth, or seagrass mead-

ws with relatively clear water and enough light penetration through

he water column to sustain seagrass growth. 

The emergence of alternate states in ecosystems is important

s these systems tend to behave in nonlinear manners, with small

hanges in environmental conditions potentially causing rapid shifts

etween alternate states. Ecosystems with alternate state dynam-

cs exhibit limited resilience [12,13] . Recovery from disturbances can

nly occur if the disturbance intensity (e.g., fraction of seagrass cov-

red landscape disturbed) does not exceed some critical threshold.

eyond that threshold of disturbance intensity, the system would

ove into the attraction domain of the alternate stable state (a

are landscape). Moreover, once the external forcing causing the

isturbance is eliminated, the system would then remain within the

http://dx.doi.org/10.1016/j.advwatres.2015.09.001
http://www.ScienceDirect.com
http://www.elsevier.com/locate/advwatres
http://crossmark.crossref.org/dialog/?doi=10.1016/j.advwatres.2015.09.001&domain=pdf
mailto:jac6t@virginia.edu
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Fig. 1. Generation of landscape realizations from a spatial Poisson point process, scat- 

tering overlapping disks of radius r , sampled from an exponential distribution with 

mean of 1 m, on an area A , and then interpreting those disks as either patches on a 

bare seafloor or gaps in a continuous meadow landscape. 
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attractive domain of the alternate state and be unable to recover

to its pre-disturbance state [14–16] . This alternate (bare) state pos-

sesses resilience as well, in that below some threshold level of dis-

turbance (seeding, seagrass transplantation) the system will remain

in the attractive domain of that state. As such, the emergence of

bistable dynamics in seagrass ecosystems has significant implica-

tions for restoration, maintenance, and resilience of these ecosystems

[17,18] . 

While a number of authors have investigated the dependence of

hydrodynamic conditions on shoot density within homogenous sea-

grass meadows [17–23] , only few studies [24–26] have addressed

these interactions on a larger scale within a mosaic of seagrass

patches and bare sediment. Some authors have linked disturbances

and environmental conditions to meadow patchiness and general

meadow landscape patterns [27–33] , however, the consequential ef-

fect of meadow patch density on sediment resuspension and the

resultant light environment as it pertains to seagrass persistence,

growth and the emergence of alternate state dynamics has been ne-

glected. Here, we use a simplified representation of seagrass modi-

fied hydrodynamics to explore how the patchy structure of seagrass

meadows on a landscape may affect sediment resuspension, the con-

sequent light environment, and the emergence of landscape scale al-

ternate state dynamics under tidal and wind-wave forcing. 

2. Methods 

2.1. Modeling approach 

We generated heterogeneous vegetation covers comprising a mo-

saic of circular patches randomly distributed according to a two-

dimensional Poisson process, with rate λ (i.e., number of patches per

unit area). Thus, in an area A the centers of λA disks were randomly

placed ( Fig. 1 ). The radius of each circular region was sampled from

an exponential distribution with a mean of 1 m, similar to results

from Oleson and Sand-Jensen [34] . Overlaps between circular regions

were allowed, creating larger meadows. Two approaches were used

to generate heterogeneous 250 m by 250 m seagrass landscapes. First,

circular patches were randomly placed on a bare landscape; each
ircular patch was assumed to be a seagrass meadow represented

s a collection of homogenous spaced cylinders with a “shoot den-

ity” of 500 shoots/m 

2 (“patch scattering scenario”). Second, starting

rom a landscape assumed to be a continuous homogenous meadow

ith a shoot density of 500 shoots/m 

2 , circular gaps were randomly

enerated; each gap was considered as a disturbance that completely

emoved all seagrass from the circular region (“gap scattering sce-

ario”). In order to facilitate comparisons across each landscape re-

lization, R ( λ), with differing patch and gap sizes, the actual cover,

 cover ( λ), of seagrass on the landscape was calculated as the frac-

ion of the surface covered by seagrass. Each landscape realization al-

owed for calculation of hourly combined wave-current shear stresses

cross the landscape. These shear stresses were then used to estimate

ourly values of suspended sediment concentrations and light condi-

ions at the top of the canopy or the seafloor if the landscape is com-

letely bare. 

Thus for a single landscape realization, R ( λ), with correspond-

ng actual cover, a cover ( λ) and mean water depth, H (m); hourly

ime series of winds (m/s), photosynthetically active radiation, PAR

 μmol/m 

2 /s), tides (m) and currents (m/s), and water tempera-

ure( °C) for the year 2002 (subset of drivers shown in Fig. 2 ), were

sed to construct cumulative distribution functions (cdf’s) of 1) shear

tress on the surface (Pa), 2) suspended sediment concentration SSC

mg/l), and 3) the irradiance in PAR ( μmol/m 

2 /s) reaching the top of

he canopy. For each average patch density λ, two realizations were

enerated and their respective cdf’s averaged. Subsequent modifica-

ion of λ (i.e., number of patches (or gaps) per unit area), and H , for

ultiple R ( λ), allowed for exploration of how landscape structure

expressed as a function of λ) and water depth affect the average cdf’s

f surface shear stresses and the consequent sediment and light en-

ironment. The model was run for the year 2002, with an hourly time

tep for mean water depths ranging from 1 to 4 m MSL, actual land-

cape cover from 0 to 1, with two realizations for each λ, for both

atch and gap scattering perspectives. Each 250 m by 250 m land-

cape realization was gridded in 0.5 m increments with shear stress,

ediment, and light calculated for all 250,0 0 0 grid points with a peri-

dic boundary condition. In this manner each 250 m by 250 m land-

cape realization represents an infinite landscape. Thus, due to the

otal number of realizations, a quasi-analytical approach was used to

stimate the vegetation-modified hydrodynamics, shear stress, sedi-

ent and light environment at each grid point allowing for realistic

omputational times. 

.2. Habitat suitability 

Zostera marina is a species requiring a high level of light, roughly

0% of the water surface irradiance for survival [2] . When the light

nvironment is described in terms daily hours of light saturated con-

itions [4,5] which are temperature dependent [35] , roughly 3–5 h

36] are required. In this study, we define habitat suitability in terms

f water depths and actual landscape covers, where the spatiotempo-

al average daily hours of saturation, H sat exceeds 3–5 h. It is impor-

ant to note that measurements of the hours of saturated conditions

equired is quite variable [6,37] . Photosynthetic saturation was calcu-

ated directly following Zharova et al. [38] 

 K = I K20 θ
T −20 
K (1)

here I K20 is the saturation irradiance value at 20 °C set to

5.5 mol/m 

2 per day [39] and θK is a shape value which controls

he impact of temperature on saturation and is set to 1.04 [40] . Light

eaching the canopy is then calculated as a function of water column

ight attenuation given hourly records of photosynthetically active ra-

iation (PAR) at the water surface, I 0 ( μmol m 

2 /s). Using the Lambert-

eer law, and a light attenuation coefficient, K d (m 

−1 ) we calculate

AR reaching the seagrass canopy, I canopy ( μmol/m 

2 /s), under hourly
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Fig. 2. Time series of tidal elevation(m) (a), tidal current speed and direction (m/s) (b), wind speed and direction (m/s) (c), water temperature (C) (d), and the resultant suspended 

sediment concentration (mg/l) for bare, half cover and full cover landscapes for a week in May 2002. 
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idal, tidal current, wave, and seagrass conditions 

 canopy = I 0 e 
−K d (H−h c ) (2) 

here H is the hourly water depth, and h c (m) is the height of the

eflected seagrass canopy. 

Light attenuation coefficients are site dependent [41] , and a site

pecific empirical relationship relating SSC (mg/L), concentrations of

hytoplankton ( chl a ), and colored dissolved organic matter ( CDOM )

o a light attenuation coefficient was used [ 1,42 ]. 

 d = 0 . 052 SSC + chl a × 0 . 0154 + CDOM × 0 . 28 + 0 . 0384 (3)

e assume non-varying minimal values of chl a = 5 mg/m 

3 and

DOM = 0.4 corresponding to the low nutrient environment associ-

ted with Hog Island Bay (VCR LTER data base, www1.vcrlter.virginia.

du/home1/?q=data _ wq ). 

.3. Environmental drivers 

While the subsequent general model formulation is applicable to

 broad array of locations, the limitations on modeling the light en-

ironment require coupled site specific hourly inputs for tidal eleva-

ion, current speed and direction, wind speed and direction, PAR and

ater temperature. Here we used corresponding data records from

he coastal bays of the Virginia Coast Reserve Long Term Ecological

esearch(VCR LTER) site located on the Atlantic side of the Delmarva

eninsula (VCR LTER 37 °25 ′ N, 75 °46 ′ W) and focus on Hog Island Bay,

 shallow coastal bay with half the bay less than a meter deep at

ean low water and 1.2 m tidal range [43] . During the 1930s the

eagrasses ( Z. marina ) of the VCR LTER coastal bays under duress by

isease became locally extinct due to a hurricane [44] . Small natural

atches of seagrass were found in the late 1990s and restoration ef-

orts were initiated. Seagrass now covers 1700 ha in the VCR coastal

ays [45] from 0.6 m to 1.6 m depths relative to mean sea level (MSL)
46] . Detailed one dimensional models [17,18] predict the emergence

f seagrass bistability at depth greater than 1.6 m MSL and provide

enchmarks for performance of this model. We utilized hourly tidal

urrents, wind speed and direction, and water temperature from the

ear 2002 from the NOAA Wachapreague station, Virginia (WAHV2,

7 °36 ′ 24 ′′ N, 75 °41 ′ 12 ′′ W) with VCR-LTER flux tower at Fowling Point

37 °24 ′ N, 75 °50 ′ W) providing PAR ( Fig. 2 ). Wave generating winds

re predominantly from the SSE, SSW and N [47] . Significant wave

eights range from 0.06 to 0.08 m with periods 0.6–0.8 s in the sum-

er and 0.12–0.14 m with periods 0.8–1.0 s in the fall [1] . Tidal cur-

ents alone are typcially not enough to produce resuspension of sed-

ment and wind- waves are the dominant source of resuspension of

he fine sand to silt [48] . 

.4. Velocity and shear stress estimates over bare sediment and within 

eadows 

For an average tidal current on the landscape, over bare sediment

egions, the vertical velocity profile is expected to be logarithmic,

onsistent with the classic boundary layer theories for flows parallel

o a flat surface with a shear velocity u ∗, bare (m/s). Following Lawson

t al. [1] , the shear stress acting on the seafloor can be calculated as 

b current = ρC d U curr 
2 = ρu 

2 
∗, bare (4) 

here U curr (m/s) is the average velocity of the tidal current, ρ is the

ater density, g the gravitational acceleration, C d = 

g n 2 

H 1 / 3 
is the drag

oefficient, g (m/s 2 ) is gravitational acceleration, H (m) is water depth,

nd the Manning’s roughness coefficient is determined as 

 = 

[ 

2 

√ 

8 g 

H 

1 / 6 
log 10 

(
H 

D 84 

)
+ 1 

] −1 

(5) 

http://www1.vcrlter.virginia.edu/home1/?q=data_wq
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Table 1 

Key model variables and parameters, descriptions and values. 

Variable/parameter Description and value 

b Blade width set to 0.008 m 

c a Reference concentration near the bed at height z a 
C d, flatplate Drag of a flat plate set to 1.95 

C d,v Drag for the meadow ∼1 

C v Drag at interface set to 0.04 

d Displacement height for above canopy flow 

E Modulus of elasticity set to 1.4 GPa 

H Water depth (m) 

h c Deflected canopy height (m) 

I a Second moment of area (m 

4 ) 

I 0 Surface irradiance in PAR ( μmol/m 

2 ) 

I canopy Irradiance in PAR ( μmol/m 

2 ) at the deflected canopy 

height 

K d Light attenuation coefficient (m 

−1 ) 

K log ( z ) Vertical diffusivity above the shear layer (m 

2 /s) 

K shear ( z ) Vertical diffusivity in the shear layer (m 

2 /s) 

l Blade length set to 0.4 m 

N Shoot density, here set to 500 shoots/m 

2 

N hs Half saturation constant for wave attenuation set to 1500 

shoots/m 

2 

ρv Seagrass density set to 700 km/m 

3 

T Temperature ( °C) 

τ b Shear stress applied to the sediment surface (Pa) 

τ cr Critical shear stress for erosion set to 0.04 Pa 

t h Blade thickness set to 0.0 0 035 m 

t ml Thickness of the shear layer (m) 

U above Average tidal velocity above the canopy (m/s) 

U can Average tidal velocity within the canopy (m/s) 

U curr Average tidal current velocity (m/s) 

�U Shear in the velocity profile (m/s) 

u dep depositional velocity (m/s) 

u ∗ Bare area shear velocity (m/s) 

u ∗n Above canopy shear velocity (m/s) 

u ∗, veg Vegetated area shear velocity (m/s) 

w s Settling velocity (m/s) 

z i Height (m) where K log ( z ) = K shear ( z ) 

a  

fl  

w  

s  

c  

i  

l  

r  

l  

l  

h  

s  

t  

b

τ  

w

 

v  

c

k  

A  

s  

d  

a  

t  

l  

p  
where D 84 (m) is the 84th percentile grain size diameter of the bed

sediment following [49] . 

We approximate the shear stress acting on the bed within a sea-

grass patch by estimating a within canopy velocity. Assuming the

same average tidal current condition on the landscape U curr , and flow

depth H , the vertical velocity within a meadow is significantly modi-

fied by a dense ( > 250 shoots/m 

2 ) seagrass patch. The average velocity

on the landscape, U curr , can be vertically partitioned into the average

velocity within the canopy, U can (m/s), and the average current above

the canopy, U above (m/s) (Fig. S1), with both velocities dependent on a

variable canopy height h c , following [50] via an iterative process. We

first approximate a surface slope, S = τb current /ρgH, with the shear

stress calculated from Eq. (4) . Assuming no lateral diversion of flow

and starting with a slight increase in the average flow velocity above

the canopy we initialize U above = 1 . 01 U curr , and subsequent estimates

of the above and within canopy average velocities can be iteratively

calculated until convergence by 

 can = 

√ √ √ √ 

( 

2 g h c S + C v U curr 
2 

C d veg a h c + C f 

) 

, (6)

 above = 

(
H U curr − h c U can 

H − h c 

)
, (7)

where C v , C d,v and C f are the drag at the vegetation interface, the drag

of the vegetation, and the drag of the bed respectively and a = Nb

is the frontal area per unit volume (m 

−1 ) and describes the lateral

blockage per unit length and is inversely proportional to the adjust-

ment length scale of the flow [51] . 

Following [50] , the deflected canopy height is a function of leaf

characteristics, length l (m), thickness, t h (m), width b (m), tissue den-

sity ρv (kg/m 

3 ), modulus of elasticity E (Pa), and second moment of

area I a = b t h 
3 / 12 (m 

4 ) and can be calculated as 

h c = l 

⎛ 

⎝ 

1 −
(
1 − 0 . 9 C a −1 / 3 

)(
1 + (8 + B 

1 . 5 )C a −1 . 5 

)
⎞ 

⎠ (8)

given the Cauchy number Ca and the buoyancy parameter B . 

a = 

(0 . 5 ρC d, flatplate b l 
3 U can 

2 
)

E I a 
(9)

B = 

(
(ρ − ρv )gb t h l 

3 

E I a 

)
(10)

Iteration of Eqs. (6 )–( 10 ) converge to estimates of U can , U abov e , and h c . 

The shear in the velocity profile is then defined as �U = U above −
 can and following Eq. (4) , the shear stress (Pa) acting on the seafloor

within the meadow is estimated as 

τb current , v eg = ρC d U can 
2 (16)

It should be reiterated that this approach neglects all lateral diversion

of flow. Parameters values in Eqs. (6 )–( 10 ) can be found in Table 1 .

For simplification and numerical efficiency we assume all seagrass

patches on the landscape possess a shoot density of 500 shoots/m 

2 

each with two leaves providing a collection of 10 0 0 leaves/m 

2 with

constant leaf morphology. 

2.5. Shear determination 

A landscape in the model is comprised of patches of meadows

and bare areas with the properly associated bed shear stresses for

any given current condition. However, there are two regions where

shear stresses differ. First, the zone in which shear stresses initially

reduce to within meadow values, and second a meadow imparts an
rea of shelter in the region lying behind each meadow based on

ow direction. At the upstream edge shear stresses rapidly adjust

ith significant change within 0.5 m [51,52] At this edge the shear

tress at the meadow edge to be equal to shear stress of the adja-

ent upstream node, and the shear stress one node into the meadow

s assumed to equal to the within meadow shear stress. The region

ying downstream of the meadow, while barren of seagrass, exhibits

educed shear stresses until boundary layer reformation occurs. Fol-

owing Markfort [53] , Walker [54] and Folkard [55] we assume the

ength of the reduced shear region to be roughly 30 times the canopy

eight of the meadow. Within this region the shear velocity is as-

umed to recover exponentially from u ∗ ,veg to u ∗ ,bare over this dis-

ance following Okin [56] . As such the recovery of shear stresses can

e estimated as 

b current ,x (x, h c ) = ρ
[
u ∗, bare − (u ∗, bare − u ∗, veg )(e −kx/ h c )

]2 
(17)

here x is the downstream distance from the meadow. 

The parameter k is calculated assuming 99% recovery from the

egetated shear velocity to the bare sediment shear velocity 30

anopy heights, h c , downstream ( Fig. 3 a). 

 = 

1 

30 

ln 

(
0 . 01 u ∗, bare 

u ∗, bare − u ∗, veg 

)
(18)

s the canopy height is variable, the distribution of tidal current shear

tresses on the surface becomes a function of downstream gap size

istances in terms of meadow height, similar to Okin [56] , but here

lso depends on tidal flow direction and speed. For each flow direc-

ion, speed and subsequent canopy height, gap distances are calcu-

ated along a transect aligned with the flow. Shear stresses at every

oint along a transect can be calculated from the vegetated-patch
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Fig. 3. (a) The penetration of shear stress 0.5 m into a meadow and the sheltering effect of a meadow in the downstream direction. Recovery to 99% of the bare shear velocity 

occurs at 30 canopy heights downstream. Shear stresses here are those generated by a 0.24 m/s tidal current acting on the landscape with depth 1.5 m MSL with recovery modeled 

by Eq. (17) . (b) The sheltering effect of multiple meadows in the downstream direction along a transect across the landscape. Vegetated sections exhibit minimum shear stress 

(dark gray region) increasing shear stress in the sheltered regions (gray) until boundary layer reformation has occurred. 
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t  

W  

o  

s  

i  

c  

c

τ

f

 

t  

s  

s  

l  

t

2

 

p  

g  

a  

d

c

w

(  

t

 

c  

b  

t  

i  

t  

t  

r  

b  

i
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T  

fi  

t  
nd bare-sediment shear stresses produced by a given tidal current

 Eqs. (4 ), ( 16 )), in combination with Eq. (17) ( Fig. 3 b). This is per-

ormed for equally spaced transects every 0.5 m across the landscape

or a given flow direction. 

.6. Waves 

Wave shear stress is determined from significant wave height, H sig 

m), water depth, H , wavelength, L (m), and period, T (s) , generated

rom the fetch-limited shallow water wave model of Young and Ver-

agen [57] as 

b w a ve = ρ

(
f 

2 

)
U b 

2 (19) 

here the depth dependent wave orbital velocity, U b , at the bed is

iven by 

 b = 

πH sig 

T sinh (2 πH/L )
(20) 

hile the friction factor, f, is calculated following Lawson et al. [1] .

ave attenuation and wave energy dissipation due to a submerged

anopies is complex [58–62] , depending not only on distance a wave

ropagates over a meadow, but also on meadow geometry, and veg-

tation characteristics. However, the impact of seagrass on near bed

rbitals for 1–2 s wind waves, typical of this study site [1] , is small

62] . For simplicity, we simply by reducing the wave orbital velocity

ssuming a Monod equation, U b meadow 

= U b (
N hs 

N+ N hs 
), with half satura-

ion constant, N hs of 1500 shoots/m 

2 following van der Heide [63] .

ith the constant shoot density, N = 500 shoots/m 

2 , a 25% reduction

f near bed wave orbital velocities is obtained, similar to site mea-

urements from the VCR [64] . Wave attenuation of near bed orbitals

s only performed over the landscape where seagrass is present. The

ombined effect of waves and currents on total bed shear stress is

alculated as 

b = 

2 
√ 

τb w a ve 
2 + τb current 

2 (21) 

ollowing [65] . 
m  
The effective cover of a landscape can be estimated by rescaling

hese combined hourly shear stresses between 0 (minimum shear

tress on the landscape) and 1 (maximum shear stress on the land-

cape) for each hour, and taking the temporal average at each grid

ocation. This also allows for examining the impact of actual cover of

he landscape on the relative shear stress environment ( Fig. 4 ). 

.7. Sediment resuspension 

In order to characterize the light environment, calculation of sus-

ended sediment concentrations is required. In areas without sea-

rass roughness elements (e.g., bare sediment), a Rouse profile [66] ,

 steady state analytical solution of the one dimensional advection

iffusion equation assuming a parabolic eddy diffusivity, is used 

 s (z) = c a 

[
z(H − z a )

z a (H − z)

]− w s 
κu ∗

(22) 

here u ∗ is the shear velocity, w s (m/s) is the settling velocity, and c a 
mg/L) is the reference concentration for suspended sediments near

he bed at height z a . 

Turbulent mixing above the patches of seagrass is more compli-

ated. The mixing within and above the canopy can be dominated

y shear scale vortices and the diffusivity of this region scales with

he thickness of the shear layer t ml (m), and the shear, �U [21] . Us-

ng the dimensionless results from Ghisalberti and Nepf [21] we note

hat the top of the shear layer corresponds to roughly two and a half

imes the canopy height with the maximum diffusivity (m 

2 /s) occur-

ing halfway through the shear layer and we assume the shear layer

egins at the bed. This can be simply modeled as a parabolic diffusiv-

ty which has a maximum of 0.0125 t ml �U at the height t ml /2. 

 shear (z) = −0 . 05�U z 

(
z 

t ml 

− 1 

)
(23)

o estimate mixing above the shear layer we assume the velocity pro-

le above the canopy follows a logarithmic profile with the velocity at

he top of the canopy equal to U can a shear velocity u ∗n , and displace-

ent height, d (m), and the von Karman constant κ . For this layer, the
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Fig. 4. Dimensionless scaled shear stresses for all hourly wave and current conditions of 2002 with mean water depth of 1.5 m MSL. Two 50 m by 50 m sub regions of the 250 m by 

250 m landscape are shown with identical distribution of disks and actual cover a cover = 0.5, R (0.1125 m 

−2 ). The regions are shown from the both perspective of randomly scattering 

circular seagrass patches or circular gaps within a homogenous seagrass meadow. 
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parabolic eddy diffusivity, K log (m 

2 /s) can be calculated as 

K log (z) = κu ∗n (z − d)

(
1 − (z − d )

(H − d )

)
, (24)

Given 

u ∗n = 

κ�U 

ln (Z − d/e(h c − d))
(25)

In this manner, the vertical diffusivity from the bottom of the shear

layer to the top of the water column can be considered as a piece-

wise curve. From the reference concentration height z a to height z i 
the diffusivity is modeled as in Eq. (23) , and from z i to H the diffusiv-

ity is modeled as in Eq. (24) . The height z i , lying between z a and H , is

the height at which the diffusivity profiles given by Eqs. (23) and ( 24 )

intersect. 

z i = 

0 . 05�U t ml − κu ∗n + 

2 dκu ∗n 

d−H 
± √ 

D 

0 . 1�U + 

κu ∗n 

d−H 

. (26a)

where 

D = −4 d 

(
−1 + 

d 

d − H 

)
κu ∗n 

(
0 . 05�U + 

κu ∗n 

d − H 

)

+ 

(
−0 . 05�U t ml + κu ∗n − 2 dκu ∗n 

d − H 

)2 

, (26b)

Assuming steady state and integrating the one dimensional advection

diffusion equation we find that the downward settling is equal to the

upward mixing due to the diffusivity. 

−w s c s = K 

d c s 

dz 
(27)

Integration of Eq. (27) using Eqs. (23) and ( 24 ) leads to a piece-

wise modified Rouse profile, where the mixing within the shear layer

scales with �U and the mixing in the logarithmic layer scales with

the appropriate shear velocity, u ∗n . 

c s (z) = 

⎧ ⎨ 

⎩ 

c a 

[ 
z(t ml −z)

z a (t ml −z a )

] − 20 w s 
�U 

z a ≤ z ≤ z i 

c a 2 
[

(z−d 0 )(H−z i )
(H−z)(z i −d 0 )

]− w s 
κu ∗n z i < z < H 

(28)
he reference suspended sediment concentration, c a drives the lower

rofile, while the upper reference concentration, c a2 is related to c a as

 a 2 = c a 

[
z i 

(t ml − z i )

]− 20 w s 
�U 

(29)

he reference concentration is determined based on excess shear

tress [1,67] , but also includes an active bed layer determined by

hear stress [65] , for a bed comprised of three grain size classes, 40%

and (125 μm), 50% silt (63 μm), and 10% clay (32 μm). The critical

rosion shear stress is set to 0.04 Pa [1] . Integration of Eqs. (22) and

 28 ) for each size class gives SSC based on shear velocity, bed shear,

ixing layer thickness, water depth, velocity shear, settling velocity,

isplacement height and bed sediment concentration. 

Applicability of Eqs. (22) and ( 28 ) to time-dependent scenarios

epends on diffusion time T dif = H 

2 / K (s) and diffusion length scales

 dif = U T dif (m), which are functions of water height, the vertically

veraged diffusivity, and the average current velocity. It is important

o note that while the diffusion time scale is typically less than the

odel time step, the diffusion length scale can be much longer than

he distance between bare and covered regions. As such, steady state

ssumptions in Eqs. (22) and ( 28 ) are only fully met for the full cov-

red and bare landscapes and will likely result in overestimates of

SC [68,69] for mid ranges of landscape cover at high flow veloci-

ies and underestimates at low flow velocities. To remedy the ap-

licability of steady state solutions to low flow velocities, mainte-

ance of fine grained sediment in suspension as to not underestimate

SC is required. Here, based on a bed load transport Rouse number

66] , w s 
κu dep 

= 2.5, sediment is allowed to remain in suspension until

he depositional velocity, u dep , and settling velocities are equal [70] .

ypically the depositional velocity is set equal to the shear velocity.

ere due to combined wave and current shear stresses we calculate

he depositional velocity as u dep = 

√ 

τb 
ρ . 

As such, meadows and the protected region behind the meadow

ecome deposition favoring environments in comparison to the bare

ediment areas. As the velocity changes direction the duration of

ime when the deposition favoring conditions are met allows for
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Fig. 5. Cumulative distributions of bottom shear stress (a, d), suspended sediment concentration (b, e), and fraction of incident light reaching the deflected canopy height (c, f), for 

bare landscapes (a, b, c) and full cover landscapes (d, e, f) at various water depths relative to MSL. 
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Fig. 6. H sat as a function of water depth and season for: a) a bare sediment landscape 

a cover = 0, R (0 m 

−2 ) and b) a full cover landscape a cover = 1, R (1.11 m 

−2 ). For a full 

cover landscape, during all seasons, a depth which maximizes H sat appears. For bare 

landscape a cover = 0, R (0 m 

−2 ), H sat monotonically declines with depth. 
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alculation of a partial flux of sediment in each size class out of the

ater column based on settling velocity for each grid location. 

Advection of sediment in the flow direction is incorporated as lin-

ar weighted average. Each node on the grid exhibits the sediment

oncentration of the nodes some distance upstream. This distance is

 function of average current, settling velocity and water depth or

ime step length. 

 advect = U curr 

(
min [ 

H 

w s 
, �t] 

)
(30) 

eights are determined linearly based on the advective distance and

he number of nodes upstream involved in the average. As the bound-

ry of the landscape is periodic, SSC is advected out one boundary and

nto the boundary opposite and lateral dispersion is not allowed. 

. Results 

The full and bare cover, a cover = 1 and 0 respectively, represent the

wo extremes in terms of the light and sediment environment. For a

are landscape examining the cdf’s of shear stress, SSC and fraction

f daylight reaching the deflected canopy height (the seafloor for bare

andscapes) at various depths revealed that while bed shear stresses

iminish with depth ( Fig. 5 a), SSC remained relatively constant across

he water depths modeled ( Fig. 5 b). The resultant cdf’s of fraction of

aylight reaching the canopy predict a steady decline in the light en-

ironment ( Fig. 5 c). In contrast, the cdf’s of shear stress for a full cover

andscape ( Fig. 5 d) predict the significant reduction in shear stresses

aused by the presence of seagrass, with consequent large reductions

n suspended sediment concentrations ( Fig. 5 e). This large reduction

n SSC results in initial increases in the light environment from ∼1

o 2 m MSL and subsequent decrease in light conditions as depth in-

reases ( Fig. 5 f). 

However, we are defining habitat suitability in terms of H sat which

epends also on temperature and seasonality . For the VCR, storms

ypically arrive from October through April [1] . These fall and winter

torms generate higher wind wave shear stresses on the seafloor re-

ulting in increased SSC and reduction in PAR reaching the seafloor.

oreover, due to high temperature limits on seagrass growth in the

iddle of summer [71,72] , there are distinct seasonal and depth vari-

tions in H sat for both bare and full cover landscapes ( Fig. 6 ). While
 sat declines with depths for all seasons on a bare landscape, there

re distinct maxima which occur at moderate depths under full cover

andscapes ( Fig. 6 b) for all seasons, but these optima are more ap-

arent for spring and summer and exist due to the combined depth

ffects on light attenuation and waves. 

Wave shear stress is a function of near bed orbital velocity, which

iminishes with increasing water depth ( Eq. (20) ). As depth increases,

ave generated sediment resuspension declines. However, as depth

ncreases, light must also penetrate further to reach the canopy or

eafloor. As a result, once water depths increase above a certain value,

he improvement in the light environment associated with declin-

ng wave orbitals and reduced sediment resuspension is no longer

ble to offset the light loss due to the presence of a deeper water

olumn. In this manner, the combined effects of sediment resuspen-

ion and water column depth result in an increase in light availability

nitially with increasing depth and then a decline in deeper waters.

n addition, to the effects of water depth on light and wave orbitals,

he presence of seagrass also leads to reduced wave-generated bed

hear stress. When the sediment bed is fully covered by vegetation,
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Fig. 7. H sat as a function of water depth and actual cover. There is an optimum region between 1.4 and 2.4 m MSL at large actual covers. At low covers H sat is not large enough 

( > 3–5 h) to promote seagrass growth. 
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light availability to the canopy generally improves initially with wa-

ter depth ( Fig. 7 f). Eventually, with the significant decrease in wave

bed shear stress with depth, resuspension becomes negligible, and

the cdf’s of light reflect the dependence of the light environment on

tidal elevation ( Fig. 5 f). 

The importance of this dual role of depth on the light environment

and subsequent average daily hours of saturation depends on the ac-

tual cover on the landscape ( Fig. 7 ). Assuming Z. marina requires a

daily threshold value of roughly 3–5 h of saturation [5,6] the model

predicts alternate states depending on actual cover and water depth.

For all depths modeled for 2002, landscapes generated from the patch

building perspective with a cover < 0.4 fall below this habitat threshold

and any seagrass meadows on these landscapes could be expected to

decline due to poor light habitat. As depth increases, even a more fully

covered landscape is unable to promote an adequate light habitat. As

such, there is a threshold that is depth and actual cover-dependent,

above which the light habitat would favor growth and maintenance

of seagrass. Thus, for the depth ranges and actual covers modeled, we

predict emergence of alternate state dynamics. Moreover, there exists

an optimal environment in terms of H sat ( Fig. 7 ) at moderate depths

and high actual covers. The depth range for this optimal environment

at high actual cover corresponds to an inadequate light environment

at low actual cover (e.g. for initial seagrass establishment) ( Fig. 7 ). 

4. Discussion 

This paper investigated how vegetated patches influence a larger

area than their footprint, including an adjacent downstream area,

which directly impacts the shear stress distribution on the landscape

and the subsequent suspended sediment and light environment. This

effective cover, e cover , due to the presence of this sheltered region

( Fig. 8 ) can be calculated from the spatiotemporal averaged scaled

shear stress acting on the landscape across various actual covers,

a cover ( Fig. 4 ). From the patch scattering perspective, for a cover = 0.5,

R (0.11 m 

−2 ), the e cover = 0.645. Similarly, at a cover = 0.5, R (0.11 m 

−2 ),

e cover = 0.636 for the circular gap scenario. In general, there exist

small geometrical differences between cases in which a given ac-

tual cover is attained by (1) randomly scattering patches of mead-

ows or by (2) opening gaps in a uniform seagrass meadow ( Fig. 8 b).

For a cover = 0.5, landscapes with circular meadows generated with
 (0.11 m 

−2 ), exhibit only slightly lower shear stress conditions at the

eafloor than landscapes with circular gaps. However, this difference

oes not affect the light habitat in terms of daily hours of saturation. 

Results indicate that it takes around 10 0 0 disturbed areas (gaps)

o reduce the effective cover to 90%. For a full cover landscape at

.5 m MSL, it would take over 10,0 0 0 gaps for the landscape to cross

ver the threshold 3–5 h of H sat requirement and fall into the attrac-

ive domain of a bare landscape ( Figs. 7 and 8 a). Alternately, at the

ame water depth, it would only take roughly 20 0 0 patches to cross

rom the bare sediment attractive domain into a light environment

hich would favor further seagrass growth. In contrast at 3.5 m MSL,

t would take only 10 0 0 disturbed areas to push the light environ-

ent to one not favorable for seagrass, and over 10,0 0 0 patches to

caffold a bulk light environment favorable to seagrass ( Figs. 7 and

 a). The effective cover from both gap and patch perspectives, are

oughly equivalent across actual covers ( Fig. 8 b). Regardless of per-

pective, due to ability of an individual patch to affect an area larger

han itself, effective cover rather than actual cover may need to be

onsidered when examining the success or failure of restoration ef-

orts as well as the resilience of landscapes with existing cover to

isturbances. 

These results differ from prior work [23,63] in the sense that the

uitable habitat depth range and the prediction of bistability pro-

uced here is (1) a function of the total landscape rather than an indi-

idual meadow (2) average meadow shoot densities are held constant

ather than time and depth varying and (3) SSC are likely overesti-

ated resulting in underestimates of the light environment. This spa-

ial approach allowed for examination of how bare areas and patches

f seagrass interact with regards to light and sediment which are ne-

lected in one-dimensional models. 

As a result of allowing for advection of sediment, bed grain size

istributions and resuspension mechanisms ultimately both play im-

ortant roles in determining the transport and light environment.

or a situation where resuspension is strongly affected by fauna

73,74] the reduction of shear stresses by the presence of seagrass

ay have little impact on the bulk light environment. Even focus-

ng on situations where resuspension is dominated by wave current

hear stresses, prior work has predicted the collapse of the posi-

ive feedback between seagrass and their light environment when

he bed grain size distribution coarsens [23] . In a sandy substrate
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Fig. 8. A. Actual (solid) and effective cover (dashed) as a function of λA (number of disks) and the perspectives of adding patches (increases with λA ) or removing gaps (decreases 

with λA ). B. Effective cover as a function of actual cover for meadow and disturbance scenarios. The difference between effective and actual cover is maximized between actual 

covers of 0.4 and 0.6. 
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nvironment, the positive feedback between vegetation and light is

ikely to be negligible because of the paucity of sediment in sus-

ension. As the seafloor sediment distribution increases in silt and

lay content, this positive feedback becomes important and alter-

ate state dynamics can emerge. The slow settling velocity and con-

equent large advective distance of fine grained sediment indicates

he light environment is less likely to be locally controlled. As such

 landscape scale approach to estimating habitat suitability may be

ore appropriate. In contrast, as grains size distributions coarsen,

uspended sediment control shifts toward a more localized region.

hus, depending on the grain size distribution of the seafloor, this

oncept of effective cover may need to be considered. This is espe-

ially important for constraining suitable habitat when identifying

uitable restoration locations. 

The emergence of bistable dynamics has significant consequences

n that a system, which undergoes a relatively strong disturbance, can

all into the attraction domain of an alternate state from which it can-

ot recover [12,15,75] . Such disturbances for seagrass meadows can

ccur from a variety of causes [31,33,76] and recovery of bare gaps

an take years [77] . The results here indicate that even when distur-

ances open a relatively large number of gaps (e.g., λA = 10,0 0 0) in an

nitially continuous seagrass meadow, a favorable light environment

ay still exist because the effective cover is far larger than the actual

egetation cover (Fig. 10a). This indicates that in fine sediment en-

ironments where sediment resuspension and light availability lim-

ts seagrass growth, carpeted seagrass landscapes are likely more re-

ilient to disturbances which remove actual cover. The results herein

lso indicate that due to the discrepant rates of light and wave or-

ital attenuation as water depth increases, an optimum light envi-

onment develops. This optimum varies seasonally ( Fig. 6 b) and oc-

urs in depth ranges where the light conditions predicted for a bare

andscape would inhibit the initial establishment of seagrass mead-

ws ( Fig. 6 a). A pre-existing full cover seagrass landscape within this

epth range is relatively resilient to gap causing disturbances. How-

ver, with enough disturbances, the landscape cover could pass a

hreshold value for fractional cover from which the general light en-

ironment no longer favors growth, and the original full cover land-

cape is unable to be recovered. 

The modeling approach makes several assumptions and simpli-

cations in modification tidal currents and waves by seagrass, as

ell as sediment resuspension in order to leverage multiple simu-

ations at varying densities and depths on a landscape. First, mead-

ws were assumed to be composed of time invariant characteris-

ics ( Table 1 ), whereas the canopy structure of seagrass meadows

s temporally variable [18,40] . Second, horizontal diversion of the
ow around meadows was not included [51,78] and the modeling

pproach assumes depth averaged velocities over bare and vegetated

reas to be equal, likely overestimating within -meadow velocities

nd shear stresses, and underestimating the same in lateral adja-

ent bare regions. Third, the wave energy dissipates with distance

ver submerged canopies [60,79,80] , interacts with currents [81–83] ,

nd the simplified approach herein neglects any lateral effect along

he direction of wave propagation. It is important to note that even

hough this lateral effect is neglected, the impact of seagrass canopies

n near bed orbital for short period waves is small [62] . Lastly, the ap-

lication of steady state solutions suspended sediment profiles is not

ell adapted to heterogeneous landscapes where the diffusion length

cale is longer than the patch gap distances and will likely tend to

verestimate SSC for higher current velocities and underestimate SSC

or ebb currents [68,69] . The underestimation of SSC is partly reme-

ied by maintaining fine grained sediment in suspension, as such the

odel likely overestimates SSC, and underestimates the consequent

ight environment. 

For the simulations herein the minimum modeled patch or gap ra-

ius was 0.5 m due to the gridding of the 250 m by 250 m landscape.

his corresponds to minimum gap size able to affect the hydrody-

amics [26] as well as observed minimum patch sizes [27,29] . Larger

adii are representative of larger reseeding areas or disturbances.

hus, the mean radius used in this study is a size from which larger

ore contiguous meadows or gaps could be generated by multiple

verlapping disks in the spatial Poisson process. While prior work in-

olved various landscape metrics [33] including those from percola-

ion theory [26] to set thresholds for actual cover and pattern forma-

ion, this study incorporates downstream shear partitioning [56] and

n effective shelter area [55] to examine the light environment. Sim-

lar to most models, these simplifications do not fully represent the

omplex processes involved, however these simplifications allowed

or the computational ability to fully explore the phase space of ac-

ual cover and depth to provide estimates habitat suitability. 

Estimates of habitat suitability leverage the concept of hours of

aturated light conditions to incorporate the impact of temperature

n plant carbon balance. The basic requirement of 3–5 h of saturated

onditions [6] may not be indicative of this site and H sat requirements

ave been calculated from as low as 2 h [84] to as high as 12 h [85,86] .

O 2 manipulative experiments seem to indicate a threshold around

 h [84] . It should be noted that the combined effects of light atten-

ation and wave orbital attenuation with depth result in a similar

ight optimum (Fig. S2) when just examining fraction of light reaching

he canopy indicating that other light-temperature metrics for habi-

at suitability are likely to demonstrate similar results. 
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5. Conclusions 

The effective cover due to the presence and distribution of sea-

grasses on a landscape has important controls on the distributions of

shear stress, suspended sediment and consequent light environment

across the landscape. For high actual cover landscapes, an optimum

light environment emerges within a depth range in which seagrasses

possess limited resilience to disturbances due to differential rates of

wave orbital and light attenuation with depth. At low fractional cover,

light attenuation is primarily controlled by water depth as SSC, and

the consequent light attenuation coefficient, remain high across all

water depths. This optimum light habitat under high actual cover, oc-

curs in depth ranges where at low actual cover the light habitat is un-

able to support seagrass. This modeling prediction of alternate state

dynamics at a landscape scale suggests that effective cover may need

to be considered when planning restoration effort s, delineating habi-

tat, or predicting responses of existing meadows to disturbances. The

finding that water depth conditions for optimal seagrass productivity

may have an overall low resilience is consistent with findings from

other systems (e.g. [87] ). 
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