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ABSTRACT : Flow dynamics in Zostera marina L . (eelgrass) were studied in a large seawater flume .
Velocity and turbulence intensity profiles were measured at 3 free-stream flow velocities (5, 10 and
20 cm s-'), at 5 shoot densities (1200, 1000, 800, 600 and 400 shoots m-z), and at 5 along-stream positions
relative to the leading edge of the eelgrass bed (10 cm upstream of the bed ; 25, 50, 75 and 100 cm
downstream of the leading edge of the bed) . All the profiles (75) above the canopy or over bare sand
fitted a log-profile relationship . At all densities and ambient velocities tested, mean velocity increased
above the canopy, while within the bed water speed dropped distinctly below the canopy-water
interface . Depending on shoot density, water speed was from 2 to 10 times lower under the canopy than
upstream of the seagrass bed . Shear velocities (U*) above the canopy were 2 to 11 times greater than
outside the bed at equivalent height, and increased significantly with distance into the meadow . No
significant differences among densities were observed . Turbulence intensity showed a dramatic
increase in all the profiles at the canopy-water interface, a significant increase with distance into the
bed, but showed no significant differences between densities . Fluid flux within the bed decreased
significantly with distance into the meadow, but exhibited no significant dependence on density .
Downstream, vertically integrated fluid flux at 100 cm into the bed ranged between 14 .7 and 40.6 % of
upstream values . The least flux reduction occurred at the highest velocity (20 cm s-') . Trends in shear
velocity and turbulence intensity show clearly that within the bed one can distinguish 2 dynamically
different environments . The 'canopy-water interface' habitat is characterized by high shear stress and
high turbulence intensity ; the 'below-canopy' habitat is characterized by low shear stress and a
reduction of turbulence intensity .

INTRODUCTION

Just as terrestrial plant communities modify air flow
around themselves and within their canopies (Oliver
1971, Shaw et al. 1974, 1983, Cioaco 1983), in marine
environments seagrass and macroalgal beds exert
strong effects on hydrodynamics (Ott 1967, Fonseca et
al. 1983, Jackson & Winant 1983) . Plants bend when a
current or a wave passes ; thereby deflecting the flow
over or around the vegetation . Further, shoots greatly
reduce current speed by extracting fluid momentum
(Madsen & Warnke 1983) . This process creates a low-
energy microenvironment (Ginsburg & Lowenstam
1958) that can enhance deposition of suspended
material and affect benthic community structure
(Peterson et al . 1984) .
In seagrass beds, evidence of this phenomenon is

mostly indirect, from sediment analysis and plant and
animal distributions within meadows . Sediments inside
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seagrass beds are richer in silt and clay fractions and
less well sorted than outside the beds (Ginsburg &
Lowenstam 1958, Scoffin 1970, Orth 1973, 1977, Jeudy
de Grissac 1984, Eckman 1987), A large variety of
organisms, especially juvenile stages, find shelter in
seagrass meadows (defined for this reason as 'nurser-
ies') from physical factors and predators and find food
(Den Hartog 1977, Kikuchi 1980, Ogden 1980) . These
juvenile organisms, as well as adults, generally show
microhabitat preferences that can be attributed to
flow micro-environments created by the spatial
heterogeneity of seagrass blades (Fresi et al . 1982,
Stoner & Lewis 1985, Casola et al . 1987) .

There are few direct evaluations and manipulations
of hydrodynamics and its influences on benthic popula-
tions in seagrass . Thistle et al . (1984) demonstrated that
abundances of harpacticoid copepods were enhanced
by perturbations in flow by isolated shoots (natural and
mimic) of the seagrass Syringodium filiforme . Eckman
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(1987) also suggested that hydrodynamics in eelgrass
meadows are more important than predation in
influencing abundances of recruits of 2 bivalve species
and stressed the important role of plant density . The
mechanisms of flow modification, however, are not yet
well visualized and quantified . Field research has con-
cerned Zostera marina (Ackerman 1983, 1986, Fonseca
et al. 1983, Eckman 1987) and the Mediterranean sea-
grass Posidonia oceanica (Gambi 1986, Gambi et al . in
press). In these papers, however, flow dynamics are not
described and discussed in detail .
In the few flume studies, Zostera marina, Thalassia

testudinum, Halodule wrighti and Syringodium fili-
forme have been considered (Fonseca et al . 1983,
Fonseca & Fisher 1986) . Results of these flume observa-
tions, however, cannot be generalized because flume
design and experimental conditions generally were not
dynamically similar to field flow conditions (Nowell &
Jumars 1987), In particular, the plants utilized were too
large in relation to flume size, and both their individual
size and their arrangement inside the flume caused
flow blockage . Thus, both qualitative and quantitative
observations may have been strongly biased .
With marine phanerogams, reproducing dynamic

similarity in flumes is difficult because of plant dimen-
sions and flume constraints . We carefully compromised
the constraints of plant and flume size to approximate
dynamic similarity in a large seawater flume with
small, juvenile plants, in order to analyze the mechan-
ism of flow modification, quantify flow and flux reduc-
tion and estimate turbulence intensity in Zostera
marina beds .

Our expectations, based on a critical analysis of pre-
vious studies and on our preliminary dye visualization,
were: that the plant assemblage would deflect flow
above the canopy and around the sides of the bed,
reducing flow speed and fluid flux through the sea-
grass bed ; that current baffling and flux reduction
would be correlated with density of plant shoots and
distance into the meadow from the leading edge of the
bed; and that conversion of kinetic energy of the
streamwise velocity (U) into turbulent kinetic energy,
due to canopy flow disruption, would be correlated
with plant shoot density and distance into the
meadow .

MATERIALS AND METHODS

Observations and measurements were performed
in a large racetrack flume at the Friday Harbor
Laboratories (San Juan Island, Washington, USA) .
Total length of the flume is 10 m, working section 8 m,
total height 3 m, total width 2 m, working section width
75 cm and maximum working depth 30 cm . Speed is

fully adjustable (to over 100 cm s -t ), and flow direction
is reversible (Nowell et al . in press) .

Zostera marina plants were collected in a shallow
stand of a natural, subtidal bed that extended from 40 to
70 cm below MLLW ; the stand had a mean and standard
deviation in plant density of 508 ± 117 shoots m-2 and a
mean (± SD) canopy height of 25 .7 ± 8.3 cm (Gambi
1988) . Tidal current, measured using a Marsh McBimey
(mod. 511) electromagnetic current meter during ebb
and flood tide in August 1986, ranged from 9 to 13 cm s - '
(no wind and wave action; Gambi & Lorenti 1988,
Gambi in press) . Bulk flow Reynolds number (Re = ud/v,
where u = mean velocity, d = water depth, v = kinema-
tic viscosity) varied from 400 000 to 700 000, depending
on tidal stage . Reynolds number for the Zostera bed was
calculated using as its 'length scale' the square root of
the product of mean canopy height (h) and mean dis-
tance (d) between shoots (V1). This length scale was
considered a better evaluation of Re in seagrass beds
than a purely vertical or horizontal one because it
permits dynamic discrimination of 2 beds with the same
canopy height but different plant density . At U of about
10 cm s-1 , mean canopy height = 25 cm and mean
density = 500 shoots m-2 (mean distance between
shoots = 2 .6 cm) the 'in situ' Zostera Re was 80 000 .

Only small, juvenile plants (total length less than
16 cm; Table 1), were selected for flume experiments .

Table 1 . Zostera marina. Phenological parameters and
densities of shoots utilized in flume experiments, Leaf area
index: photosynthetic tissue area expressed in m 2m-2 . Num-

bers are means ± standard deviations

Plants were cleaned of epiphytes, and some phenologi-
cal parameters were measured (Table 1) . The flume
was filled to a height of 4 cm with clean sand (mean
grain size 150 µm). Plants were then inserted, with their
rhizomes, in the sandy bottom 4 m from the upstream
end of the flume test section, at which point the bound-
ary layer over the sand bed was fully developed . Zoste-
ra plants were haphazardly placed in the center of the
flume at least 30 cm from each of the sidewalls; the
grass bed was 15 cm wide and 100 cm long (Fig . 1A) .
Water depth varied between 22 and 25 cm, and 8 to

No. of shoots measured 20
Sheath length (cm) 3 .68 ± 0 .47
Leaf height (cm) 7.9 +3.5
Leaf width (cm) 0.28+0.04
Canopy height (cm) 11.44 12 .47
No. leaves/shoot 3.9 ± 0 .76
Leaf area/shoot (cm 2 ) 9,06+3 .4
Density tested (shoots M-2) 1200 ; 1 .10

and leaf area index (m 2m- z) 1000 ; 0 .90
800

	

0.72
600 ; 0.54
400 ; 0 .36
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Fig . 1 . (A) Location of Zostera marina bed inside a cross-
section of the flume . (B) Locations of the 5 along-stream

velocity profiles relative to the leading edge of the bed

10 cm of water extended above the plant canopy ; water
thus could pass above and around the grass bed .
Density of the bed was manipulated by adding and
removing plants to reach the following densities (no .
shoots m -2 ) : 1200, 1000, 800, 600 and 400 .
Flow measurements were made for each bed density

at 3 free-stream velocities : 5, 10 and 20 cm s -' . Bulk
flow Re number ranged between 125000 and 500000 .
The Re number of the Zostera bed varied between
20000 (highest density and lowest flow velocity) and
110 000 (lowest density and highest flow) . These values
approximate those calculated for the natural Zostera
bed at the same ambient velocity .

At each density and ambient velocity, velocity pro-
files were measured in the center of the cross-stream
axis of the flume 10 cm upstream of the bed, over bare
sand (also referred to as 'controls'), and 25, 50, 75 and
100 cm downstream from the leading edge of the bed,
within the bed itself (Fig. 1B) . Temperature was meas-
ured before and during flow measurements and varied
between 10 and 12 °C .

Vertical profiles of velocity were measured starting
20 cm above the bottom and then downward in incre-
ments of 2 cm to the top of the leaf canopy . Below this
point velocity was sampled every centimeter down to
1 cm from the bottom . An entire velocity profile con-
sisted of 11 to 14 measurements . Above the Zostera
canopy water velocity was measured with a 2-axis
laser-Doppler velocimeter (LDV, TSI System 9100-8)
(Hill et al. 1989). Inside the canopy (where the Zostera
leaves interfered with the LDV) flow was measured
using a hot-film anemometer (Thermo-Systems Inc .,
constant temperature mod . 10122 T1 .5 ; and hot-conical
quartz probe mod. 1231). Probes were calibrated with
the LDV prior to use (r 2 = 0.97 and 0 .99 for the 2 probes,
respectively) .
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Instantaneous velocity (u) may be expressed as the
sum u = u + u', where u is mean velocity and u' the
instantaneous velocity fluctuation. At each point we
measured u and the streamwise rms u' . The turbulence
intensity was calculated as

U* z
U (z) =KIn

zo

where K = von Karman's constant (0.41) ; U (z) = mean
velocity at depth z ; zo = roughness height. Least-
squares regression of In z vs U was used to calculate
U* and z0 . It was calculated only over bare sand and
over the canopy . Under the canopy, flow departed from
the classical log profile .

Total flux for each velocity profile was calculated
z=20

only up to 20 cm from the bottom as f Udz, because
=o

water speed measurements were not extended higher
(Fig . 3A, B, C) . The proportion of flux at different densi-
ties and positions within the bed was the ratio of the

=20

area under any given profile (fu (i) dz) to the area under
z =1 z=20

the upstream (control) profile (fu(c) dz) . Percentage
=1

of flux reduction was (1 - flux proportion) - 100 .

Partial correlation coefficients for U*, percentage of
flux reduction and turbulence intensity were calculated
across densities and bed positions (Table 5) .

RESULTS

Of the 75 velocity profiles fitting the log-profile rela-
tionship, 70 "/ have r 2 > 0.90 ; all are significant at p
< 0.05 and 90 % at p < 0 .01 . There are trends common
to all the profiles . An increase in U above the canopy
relative to upstream control profiles at identical heights
occurred at all 4 positions within the bed, at all
densities and free-stream velocities tested . This
increase averaged 0.78 ± 0.09 (SD) cm s 1 at a free
stream U = 5 cm s -1 ; 1 .1 ± 0 .21 cm s -1 at 10 cm s -1 and
1 .5 ± 0 .54 cm s -1 at 20 cm s -1 . Current speeds within
the canopy were reduced at all densities . At all ve-
locities and densities tested, current speed decreased
with increasing distance from the leading edge of the
bed (Fig. 2A, B, C). This was particularly evident
between 25 and 50 cm into the bed ; thereafter, little

B
rms u' 100 .

.at .,
p

3

u (z)

As a consistent velocity scale easily convertible to
bed shear stress (to ), fluid dynamicists often use 'shear

surface

4001
velocity' (U*) : U* = V to/p, where p = fluid density .
Shear velocity was determined from the Karman-

100 Prandtl log-profile relationship :
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Fig . 2 . Examples of some velocity profiles (z vs U) at a density of 1000 shoots m-2 and different ambient free-
stream velocities (A: 5 cm s -1 ; B: 10 cm s -1 ; C: 20 cm s-1 ) . Z : height above bottom (cm) . Note the flow increase76 cm

	

above the canopy in positions 25, 50, 75 and 100 cm at all ambient free-stream velocities . Note also the difference100cm
in shape between the boundary layer at position 25 cm and all the other positions

systematic change occurred. As a consequence, 3
boundary layers formed : one over the bed, one on the
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underside of the leaf canopy and one over the leaf

	

A
canopy. The different shape of the flow profile at posi-
tion 25 cm was probably related to Zostera marina
plant morphology. The bases of the leaves in this plant
are enveloped by the sheath of the oldest leaf ; these
sheaths are more rigid than the leaves and bend less
under current .
At 100 cm within the meadow, speed was 10 to 50

(according to shoot density) of comparable values in
the upstream control position . In order to compare
different densities we normalized velocity profiles by
dividing U at a given depth z by U at z = 20 cm (Fig . 3) .
At 5 cm s-t the profiles of all densities collapse almost
onto the same curve, except for a few points below the
canopy and for the lowest density (400 shoots m

_2 ;

Fig. 3A) . At 10 cm s-)
the trends are similar but differ-

ences between lower and higher densities are more
pronounced (Fig . 3B) . At 20 cm s -1 , differences are evi-
dent even between the 2 highest densities (Fig . 3C) .

20

A similiar trend occurred also in other positions within C
the bed (not shown) .

Shear velocity (U*) values in the upstream, control
position increased with free-stream velocity as

E
expected (Table 2) . At 5 cm s -' they were the most
variable, probably because low flows are more sensi-
tive to bottom roughness. At 5 and 10 cm s-1 the
upstream values were one order of magnitude lower
than values above the canopy, while at 20 cm s - t the
upstream values were 2 to 11 times lower . At all the
free-stream velocities, the U* values above canopy

	

Fig. 3. Normalized profiles at 100 cm into the bed among
increased significantly with increasing distance into

	

different densities and ambient free-stream velocities (A : 5 cm
s ; B : 10 cm s- ' ; C: 20 cm s - ') . To aid comparison, thin lines

the bed, and slightly but not significantly with density

	

show profiles obtained at the highest shoot density (1200
(Table 5) .
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Regression coefficient values (r) significant : ' p <0.05 ; " p < 0 .01

Data on turbulence intensity are given in Table 3 . Only

a few profiles are shown (Fig . 4A, B and C, including
profiles for the highest and the lowest shoot densities) but
all had common features . Turbulence intensity, both
upstream and within the grass bed, did not seem to vary
strongly with free-stream velocity. Maxima of turbulence
intensity occurred at the water-canopy interface . Turbu-
lence intensity below the canopy decreased slightly but
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Table 2 . Shear velocity (U*) values at different free-stream velocities, shoot densities and positions outside and over the Zostera
marina bed

rmsu'
Table 3 . Mean turbulence intensity, expressed as

	

. 100, along the whole profile, at different densities, positions and
u (z)

ambient free-stream velocities

was always greater than at equivalent heights upstream .
With increasing distance into the grass bed, mean
turbulence intensity increased as did the thickness of the
overlying water layer affected by canopy flow disruption.
As observed for speed reduction (see above), this was
particularly evident between positions 25 cm and 50 cm ;
after the latter location, little systematic change occur-
red. When tested, however, mean turbulence intensity

Density (shoots m -2 )

	

Upstream 25 cm 50 cm 75 cm 100 cm

Free-stream velocity 5 cm s - '
1200 0.175" 2.22" 3.32" 3.08" 1 .99"
1000 0.513' 2.68" 3.27' 4.20" 3.86"
800 0.253' 2.52" 4.50' 2.86" 2.60"
600 0.283" 0.688" 1.93" 1.93" 1.95"
400 0.512" 2.39" 3.11" 3 .41" 2.80"

Free-stream velocity 10 cm s - '
1200 0.492' 4.17' 7.24" 4.83" 4.17"
1000 0.774' 3.34" 6.62" 6.16" 4.74"
800 0.550" 4.82" 5.49" 5.10" 4.75"
600 0.427" 1.50' 2.38" 4.34" 3.58 -
400 0.541" 4.18" 4.78* 5.07" 4.33"

Free-stream velocity 20 cm s - '
8.83" 10.91" 7.48" 7.04"1200 1.07"

1000 1 .10" 6.30" 10.84" 9.78" 7.49"
800 1 .16" 2 .71" 5.40" 8.27'' 7 .17 -
600 1 .01" 5 .24" 5.44 " 11 .70" 8.47"
400 1 .18" 3.08" 3.72" 6.19" 5.52"

Density (shoots m 2)

	

Upstream 25 cm 50 cm 75 cm 100 cm

Free-stream velocity 5 cm s - '
1200 5 .1 13 .8 18 .3 19 .3 28 .7
1000 7 .1 13 .7 17 .2 23.2 29 .5
800 6 .4 10 .2 13 .2 16 .7 22 .7
600 8 .3 12 .6 16 .1 25 .4 27 .2
400 6.4 12 .3 14 .6 19 .5 15 .8

Free-stream velocity 10 cm s'
14 .7 22.2 27.3 28 .21200 5 .9

1000 6.4 10 .8 16.8 28 .3 27 .8
800 5.7 9 .3 16.0 27 .3 29 .2
600 6.9 10 .2 14 .2 21 .3 25 .0
400 6.3 10 .3 14 .9 19 .6 15 .9

Free-stream velocity 20 cm s - '
13 .9 17 .7 27 .3 21 .41200 5 .4

1000 5 .5 12 .6 15 .2 25 .8 20 .5
800 5 .9 8 .7 12 .0 24 .8 20.9
600 5 .8 10 .0 13 .0 18 .3 17 .1
400 6 .1 8 .2 9 .4 13 .0 14 .4
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wed significant increases with distance into the bed canopy-water interface and that below. The 'canopy-
cept at 5 cm s -1 , Table 5) . Density differences and water interface' habitat is characterized by high shear
eractions were not significant (Table 5) . stress and high turbulence intensity. The 'below-
ercentages of flux reduction (Table 4A) within the canopy' habitat is characterized by lower mean ve-
d relative to upstream flux showed minima at a free- locities and turbulence intensities .
am velocity o 20 cm s- ' . At a free-stream ve- The increases of shear velocity and turbulence inten-
ties, relative flux decreased, but not significantly, sity with distance into the meadow demonstrate that
h shoot density, and significantly with distance into fluid momentum is progressively extracted as more
meadow (Table 5) . From profiles in Fig . 4A,B,C plants are encountered by the flow. This 'position'

0 cm within the bed) we calculated flux reduction effect is stronger than the total shoot density effect,
ow canopy among different densities (Table 4B) . More replicates in each position probably would reveal
ow the canopy, flux decreased with shoot density ; at statistically significant differences between densities .
m s- we observed a difference of 45 .8 % between However, another cause of the apparent lack of corre-
and 1000 shoots m_ - , while at 10 cm and 20 cm s - ', lation with plant density could be the morphology of
fference of 38 .9 and 58 .8 % was observed between the bed constructed in the flume ; in fact, the leading
and 1200 shoots m -2 , respectively (Table 4B) .

	

edge of the bed is very narrow (15 cm) in comparison
with the extended lateral region (100 cm) of the bed
itself that interacts with flow.

DISCUSSION

	

The velocity increases observed around the canopy
(Fig. 2A,B,C) are consequences of pressure drag intro-

hear velocity and turbulence intensity trends show duced by the canopy and constant flow imposed in the
arly that within the bed one can distinguish 2 flume. Because of this higher drag, energy is being
amically different environments : that at the

	

invested to accelerate fluid around the bed (Fig . 5) ; the
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Table 4A . Percentages of water flux reduction at different
free-stream velocities, shoot densities and positions

Table 4B. Percentage of flux reduction, below the canopy,
comparing different densities at the position 100 cm down-

stream of the leading edge of the bed

energy can return to the bed in a deceleration at the
rear or can be dissipated in the wake to the rear of the
bed itself (and in part eventually to heat) .
As regards flux within the canopy, a 'density
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Table 5. Partial correlation coefficients (r) of shear velocity,
turbulence intensity and flux reduction with density of shoots
(D) and distance into the meadow (P), and with D2 , P2 and DP

(density-position interaction)

Fig . 5 . Flow deflection and acceleration around the bed

threshold' in the values was recognizable (especially at
the highest flow of 20 cm s - ', between the 3 highest
densities (1200, 1000 and 800 shoots M-2) and the 2
lowest (600 and 400 shoots M-2) . These results support
most of our initial hypotheses. One must remember,
however, that these observations concern only a 15 cm
wide, 1 m long bed of small, juvenile Zostera plants
and that large plants and a larger bed may behave
differently. Further, wind-generated waves, not consi-
dered here, can have great influence and may cause
other flow patterns .
Because of differences in flume scalings and experi-

mental conditions, comparison with previous flume

Free-stream velocity 5 cm s - '
Density 400 600 800 1000 1200

400
600 15 .2
800 28 .4 15 .5 -

1000 45.8 36 .1 24 .3 -
1200 39.3 28.4 15 .2 10 .7

Free-stream velocity 10 cm s - '
800 1000 1200Density 400 600

400 -
600 0 .2 -
800 30 .1 26 .4 -
1000 31 .0 27 .4 1 .3 -
1200 38 .9 35 .7 12 .6 11 .4 -

Free-stream velocity 20 cm s -1
800 1000 1200Density 400 600

400 -
600 13 .4 -
800 33 .4 14 .5
1000 36.6 18 .7 4 .9 -
1200 57.8 36.6 36.6 33.4

(A) Shearvelocity (U *,Table 2 : only values above the canopy)
U (cm s -) D P D 2 P2 DP

5 0.07 0 .50' 0.02 0.47 0.14
10 0.05 0.54' 0 .13 0.52' 0.10
20 0.29 0.57' 0 .10 0.49' 0 .38

(B) Vertical mean turbulence intensity (Table 3)
U (cm s -) D P D2 P2 DP

5 0.22 0.24 0.12 0 .04 0.09
10 0.35 0.68" 0.17 0 .48 0 .05
20 0.39 0.64" 0.19 0 .50' 0.16

(C) Percentage of flux reduction (Table 4A)
U (cm s - ) D P D2 P 2 DP

5 0.30 0.66" 0.47 0 .55' 0.03
10 0 .03 0.73" 0.12 0.62" 0.18
20 0.32 0.69" 0.15 0.52' 0.04

Correlation coefficient (r) : significant' p <0 .05 ;
'' p <0 .01

Density

	

25 cm

	

50 cm
(shoots M -2)

75 cm 100 cm

Free-stream velocity 5 cm s - '
1200 20 .7 38.3 43 .1 35 .2
1000 11 .0 31.4 26 .7 40 .6
800 7.55 19 .9 21 .4 28 .9
600 3 .58 12 .3 13 .7 20 .3
400 9 .6 18.7 29 .7 21 .8

Free-stream velocity 10 cm s -I
30 .7 31 .51200 11 .5 30 .0

1000 5.6 20 .6 30.9 31 .5
800 12 .3 23 .0 31.4 32 .6
600 0 .9 9 .8 19 .5 20 .5
400 8 .0 19 .4 27.6 22 .1

Free-stream velocity 20 cm s-I
19 .9 34 .21200 8 .9 16 .6

1000 10 .4 19 .6 23.16 21 .0
800 2 .2 13 .4 21 .0 18 .3
600 5 .2 13 .9 21 .7 19 .8
400 2 .0 8 .3 15 .2 14 .7
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work is difficult . Fonseca et al . (1982) found significant
correlations between U* and shoot density in a 50 cm
long Zostera meadow, and no pattern of flux reduction
as a function of velocity . In a recent paper Fonseca &
Kenworthy (1987, p. 62, Fig. 2) presented some velocity
profiles in different seagrass species and at different
distances into the meadow . The shapes of the profiles
were very different from ours, but their flume condi-
tions were unspecified .
Ackerman (1983, 1986) calculated a 10-fold reduc-

tion of water speed within an eelgrass bed in the field
compared to that outside of the bed . In another field
study Fonseca et al . (1983) found a significant, negative
correlation between U* and distance into the meadow
at low flow (< 53 cm s-1 in their classification) ; no
correlations were found at medium and high velocities
(> 53 cm s -1 ) . We are concerned in particular that their
Froude number scaling may have been in substantial
disagreement with field conditions . Eckman (1987)
showed that speed reduction inside a bed was greater
where shoot density was higher,

Eckman (1987) calculated water flux from 4 velocity
profiles in 2 Zostera marina natural beds with high (600 to
1000 shoots in - ') and low (180 to 270 shoots m_2) shoot
density subjected to 2 different flow regimes (defined as
slow and fast current) . He found 84 % flux reduction
below the canopy between low- and high-density sites at
low flow speeds, and 48 % reduction in fast currents . Our
data do not exhibit a monotonic decrease of flux among
densities with increasing free-stream velocity . Maximal
flux reduction occurred at the highest density (1200
shoots m-2) and at 20 cm s -1 (Table 4B) . Further in situ
and flume measurements are necessary, however, to
better evaluate the relationship between flux reduction,
shoot density, flow depth and ambient velocity .
No previous evaluations of turbulence intensity have

been made in seagrass beds . Our data show a dramatic
increase of turbulence at the canopy-water interface
and within the canopy due to flow disruption by the
canopy. Turbulence is not only generated (in the case
of laminar flow) but likely resealed (in the case of
turbulent flow) .

Ecological implications

These flow modifications and flow patterns influence
many of the environmental characteristics of eelgrass
beds, such as suspended sediment concentration
within the bed, diffusion of dissolved gases to and from
the plants, and nutrient exchange to and from the
sediment-water interface. These environmental
features, as well as the direct action of shear stresses,
have important ecological implications for the plants
themselves as well as their associated organisms .

Water movement can have strong influence on sea-
grass production, growth rate and photosynthesis
(Fonseca & Kenworthy 1987 and references therein),
mainly due to changes in the diffusive boundary layer
thickness. Dissolved gases for photosynthesis (0 2 and
CO2), as well as nutrients, need to cross this layer of
stagnant water by molecular diffusion, and this process
can limit the rate of photosynthesis (Dennison & Barnes
1988, Koehl & Alberte 1988) . Exchange of these dissol-
ved substances can be enhanced by increasing water
speed or turbulence intensity .

An important indirect influence on plant photosyn-
thesis, related to the possibly greater load of suspended
material supported via turbulence at the water-canopy
interface, would be to increase the light intensity gra-
dient along the Zostera marina canopy (Mazzella &
Alberte 1986) . Both the light intensity gradient and day
length influence photosynthesis of this plant, especially
at greater depths (Dennison & Alberte 1982, 1985,
Mazzella & Alberte 1986) . Modifications toward further
reduction of light intensity within the canopy could
have dramatic effect on plant photosynthetic efficiency
and even survival (Alberte pers . comm .) .

Current patterns also have strong implications for
plant pollination, as observed by Ackerman (1983,
1986) . Turbulence intensity and flow deflection above
the canopy can affect pollen transport and pollen inter-
ception by female organs (carpels), even at low Rey-
nolds numbers .

Many authors (Molinier & Picard 1952, Blois et al .
1961, Chasse 1962, Den Hartog 1971, Blanpied et al .
1979, Boudouresque et al, 1985) have pointed out in a
qualitative manner a relationship between shape and
structure of the beds and hydrodynamics in different
species of seagrass . For Zostera marina beds in particu-
lar, Den Hartog (1971) stated that 'Zostera beds are in
the state of continual change, being built up in one
place and broken down in another, but there is
dynamic equilibrium between these two processes' .
Fonseca et al. (1983) observed a positive correlation
between patchiness of Zostera beds and current
strength . Erosion of the beds can be due to wave and
tidal action in 'weak' places (Den Hartog 1971) or to
high sedimentation rates and consequent burial of the
plant . Our data suggest that flow acceleration around
the canopy, coupled with turbulence and wakes to the
rear of the beds can cause local erosion . These
phenomena can contribute to produce the 'zigzag' and
'leopard skin' (small atolls) patterns of beds observed in
many species of seagrass where waters usually are
calm (Molinier & Picard 1952, Chasse 1962, Calvo &
Frada-Orestano 1984) .

Organisms living on or between seagrass leaves are
generally very specialized and often are found exclu-
sively there (Kikuchi & Peres 1977, Boero 1981, Fresi et



al. 1982, Thayer et al . 1984, Casola et al. 1987, Mazzella

et al. 1989) . In contrast, organisms inhabiting seagrass
rhizomes or prairie bottom (below canopy) are less
specialized and can also occur in other kinds of
environments (Boudouresque et al . 1981, Pansini &

Pronzato 1985) . This difference can be due to the physi-
cally unique habitat of seagrass blades (Gambi et al . in

press) .
Many authors have pointed out that species richness

and abundances of organisms in seagrass meadows are
functions of plant density or plant surface area per unit
of bottom area (Heck & Orth 1980, Orth et al . 1984) .

Most of the experimental studies have focused on the
role of higher plant density in reducing predation on
invertebrates and fish juveniles (Young & Young 1978,
Nelson 1981, Summerson & Peterson 1984, Bell & Wes-
toby 1986 and references therein) . Other studies (Eck-
man 1987) suggest, however, that increased attention
has to be given to the effects of higher leaf density in
reducing shear stress at the bottom, enhancing fine
sediment and organic matter deposition and in this way
favoring a larger number of species and individuals,
Seagrasses baffling the current and acting as 'sediment
traps', easily can 'trap' larvae of invertebrates and
fishes as well (Eckman 1983, Butman 1987) .
Flux reduction within the meadow can limit the

development, abundance or growth of filter-feeding
organisms, especially the 'passive' forms (sensu La
Barbera 1984) . On the other hand, turbulence, increas-
ing within the canopy, can augment residence time of
organic material in suspension within the canopy or
resuspend deposited seston, as observed with animal
tubes (Carey 1983, Eckman & Nowell 1984). This

phenomenon can balance the negative effects of flux
reduction on filter-feeding activity, as hypothesized by
Peterson et al. (1984), who studied the growth rate of a
filter-feeding bivalve (Mercenaria mercenaria) within

and outside an eelgrass meadow . Growth rates and
mean sizes of these bivalves were in fact, greater inside
the bed than outside it, despite fluid flux reduction

(Peterson et al. 1984) . Shoot density, distance into the
meadow from the bed edge and ambient current
regime are therefore very important features to con-
sider in studies on feeding guild characterization and
food web dynamics within seagrass beds .

In conclusion, Zostera marina plants interact strongly
with flow, extracting momentum from the fluid via
hydrodynamic drag and generating turbulence via flow
disruption. Current and flux reduction, shear stress at
the canopy level and turbulence intensity are positively
correlated with plant abundance. These observations

are consistent with boundary layer theory and with
most of the mechanisms often invoked 'intuitively' to
explain the distributional patterns of sediments and
organisms in eelgrass meadows . Flow modifications in
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eelgrass, as well as in other seagrasses, however, are
far from being exhaustively described and understood .
In situ measurements are absolutely necessary to verify
flow patterns observed in the flume, and to determine

their ecological significance .
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