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Abstract

Obstructions that protruded from a laboratory test bed into the benthic boundary layer were exposed to gradients
in longitudinal velocity (]u/]z) that produced vertical pressure gradients along the surface of the obstruction. These
pressure gradients generated vertical secondary flows that may have ecological significance for benthic fauna and
aquatic macrophytes. Laboratory experiments demonstrated that secondary flows of up to 15% of the local longi-
tudinal velocity were produced behind individual obstructions within a submersed plant-like or animal tube array
and for conditions like those found in aquatic canopies or colonies. Our observations support theoretical predictions
based on a reduced form of the Navier-Stokes equations, confirming that the ascending flow is controlled by a local
balance of vertical pressure gradient, proportional to ]u2/]z, and viscous stress. The secondary flows were shown
to transport dye from the bottom to a height dictated by the in-canopy current speed and turbulence intensity. By
extension, the ascending flows can potentially contribute to the advection of nutrients from sediments, where they
have been regenerated by microbial processes, to areas higher in the canopy, where they can be used by epiphytes
and macrophyte leaves. Pressure gradients generated near the stem base also produce pore-water exfiltration. The
coupled pressure-driven exfiltration and vertical advection have the potential to control nutrient availability in the
bed.

Vertical secondary flows can occur behind obstructions
that protrude from the sediments into the benthic boundary
layer (e.g., Vogel 1994). The secondary flows are directed
up the downstream face of the obstruction and form through
the interaction of the protruding structure with the vertical
gradient of longitudinal velocity in the benthic boundary lay-
er (BBL). Some benthic worm populations have been ob-
served to take advantage of this ascending flow by capturing
particles brought up from the sediment (Carey 1983; John-
son 1988; Johnson 1990). The secondary flow was also ob-
served behind black-fly larvae, which use both the longitu-
dinal flow (u) and vertical flow (w) to capture particles from
different locations (Chance and Craig 1986). The ascending
flow can be disrupted by high population density, which re-
sults in skimming flow (Johnson 1990), a regime in which
most of the current is redirected (skims) over the top of the
organisms and flow between the organisms (roughness ele-
ments) is greatly reduced.

The ascending secondary flow may also occur behind the
shoots of aquatic plants, such as marsh canopies, rice and
reed fields, seagrass meadows, or vegetated river channels.
Although several studies have documented larger-scale hy-
drodynamics within these systems, specifically the attenua-
tion of mean currents and wave energy (Knutson et al. 1982;
Gambi et al. 1990; Fonseca and Cahalan 1992; Hosokawa
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sharing his excitement about pore-water advection in seagrass eco-
systems; and Becky Zavistoski for making the velocity measure-
ments. Heidi M. Nepf was supported by a NSF CAREER Award,
EAR 9629259.

and Horie 1992; Ackerman and Okubo 1993; Leonard and
Luther 1995; Koch 1996), only a few have examined small-
er-scale, three-dimensional hydrodynamics; those that have
focused on pollination (Ackerman 1983, 1986, 1997). Small-
scale hydrodynamics may have additional ecological impli-
cations. Indeed, our study shows that vertical secondary
flows as high as 15% of the local longitudinal velocity can
develop at the base of individual stems and may rapidly
carry nutrients up from the sediments, where they have been
regenerated by microbial processes, to areas higher in the
canopy, where they can be used by epiphytes and macro-
phyte leaves. Dissolved inorganic carbon (DIC) may be sim-
ilarly transported and supplied to photosynthetic tissues
more rapidly than previously estimated.

The objective of this study was to examine the magnitude
of the ascending secondary flow at different population den-
sities and current velocities. Although several researchers
have previously observed the ascending flow behind generic
boundary-layer obstructions (Woo et al. 1989; Eckman and
Nowell 1984) as well as behind specific benthic organisms
(Carey 1983; Chance and Craig 1986; Johnson 1988), this
study represents the first effort to combine detailed quanti-
tative observations with a theoretical flow analysis that con-
siders both isolated elements as well as arrays. The analysis
produces a predictive scaling law for secondary flows within
plant habitats and other benthic colonies.

Theoretical background

Obstructions protruding from the bed into the BBL are
exposed to longitudinal velocity gradients (]u/]z) that pro-
duce vertical pressure gradients. These pressure gradients
generate vertical secondary flows on the upstream and down-
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Fig. 1. Examples of seagrasses (a–c) and a marsh plant (d) that have cylindrical morphology
near the bottom: (a) Thalassia testudinum, behind which the ascending flow was observed in the
flume in Florida; (b) Thalassodendron; (c) Halophila; and (d) Juncus. The seagrasses are subtidal
while the marsh plant is intertidal. Horizontal bar represents 3 cm.

stream faces of the obstruction. For simplicity, we consid-
ered a cylindrical obstruction representative of animal tubes
(Eckman and Nowell 1984), reeds, and some species of
marshgrasses and seagrasses, particularly near the stem base
(Fig. 1).

The total surface pressure around the circumference of a
cylinder is described by the pressure coefficient Cp (see
Munson et al. 1990):

p 2 p`C 5 , (1)p 1
2ru

2

where p is the local pressure at a point on the cylinder sur-
face, p` is the free stream pressure, r is the water density,
and u is the velocity approaching the cylinder. The pressures
p and p` and the velocity u vary in z because of hydrody-
namic forces and viscous stresses, respectively. It is impor-
tant to note that the pressure coefficient, Cp, is not signifi-
cantly affected by vertical shear, ]u/]z, and remains nearly
constant over the obstruction’s span for both semi-infinite
(Woo et al. 1989; Petryk 1969) and finite cylinders (Luo et
al. 1996). Thus, variations in surface pressure can be inferred
from Eq. 1, assuming Cp is constant in z, i.e.,

1
2p(z) 5 p (z) 1 C ru (z). (2)` P `2

On the upstream face, stagnation occurs and Cp 5 1. Since
]u/]z . 0, i.e. u(z) increases with height away from the
bottom, the stagnation pressure also increases away from the
bottom. This positive pressure gradient creates a negative
vertical velocity (w) on the upstream face. The fluid moving
down the front face rolls up at the base of the cylinder,
creating the familiar horseshoe vortex, which is subsequently
swept downstream on either side of the cylinder (see Eck-
man and Nowell 1984, fig. 1).

According to potential flow theory, Cp should equal 1 on
the downstream face as well. In real flows, however, viscous
effects and flow separation decrease the downstream pres-
sure and Cp becomes negative. The specific value of Cp on
the downstream face depends on both the cylinder Reynolds
number, Red 5 udn21 (where d is the cylinder diameter and

n is the kinematic viscosity), as well as the turbulence in-
tensity (Zukauskas 1987). For Red ø 10–105, the pressure
coefficient, Cp ø 20.6 to 21 (Grove et al. 1964; Munson
et al. 1990). The coefficient increases (moves toward zero)
with increasing turbulence (Zukauskas 1987) and with Red

. 105 (i.e., when the cylinder boundary layer becomes tur-
bulent). With Cp , 0, the pressure gradient on the down-
stream face will be negative (]p/]z , 0), and it will drive
an upward flow as shown in Fig. 2a.

Using Eq. 2 to represent the vertical pressure gradient, we
can evaluate the vertical component of the momentum equa-
tions to determine the magnitude and vertical structure of
the resulting secondary flow. Assuming steady conditions
and a negligible contribution from the inertial terms, the mo-
mentum equation reduces to

1 ]P
20 5 2 2 g 1 (n 1 n )¹ w (3)tr ]z

directly behind the obstruction, where g is the gravitational
constant and n and nt are the molecular and turbulent vis-
cosities, respectively. Because nt k n, except very close to
the bed, we can drop the molecular viscosity term. It is in-
teresting to note that previous analyses of cylinder secondary
flows, which focused on individual cylinders at high Reyn-
olds numbers, were inviscid (Starr 1966). Our investigation
found that an inviscid theory was inadequate, and we attri-
bute the difference both to lower Reynolds numbers (spe-
cifically, lower inertial effects) and to the augmentation of
turbulent viscosity by the surrounding array. The force bal-
ance represented in Eq. 3 was verified by measurements re-
ported in the Results section of this paper.

The stress term (last term in Eq. 3) depends on the spatial
gradients of vertical velocity and thus on the dimensions of
the secondary flow region. From flow visualization, the sec-
ondary flow scales on the cylinder diameter in width and
length (]y, ]x) and on the boundary-layer height, d, in the
vertical coordinate (]z), where d is the height at which the
shear (]u/]z) goes to zero. Because the flow region is more
narrow than tall (]x, ]y K ]z), the horizontal stresses dom-
inate and the viscous term scales as ntw/(d/2)2, where the
scale factor is absorbed into the parameterization of nt. Note



1074 Nepf and Koch

Fig. 2. (A) Schematic of dye visualization experiment that
shows the vertical transport of dye (gray trace) by the vertical sec-
ondary flow generated on the back face of cylindrical obstructions
protruding from the bottom into the benthic boundary layer. The
rise height of the dye, hrise, depends on the vertical advection, w,
and the turbulent diffusion, Dt. (B)Schematic view of the 20-m re-
circulating flume. Plant-like arrays were constructed from 0.64-cm
circular cylinders mounted onto Plexiglas boards. The cylinders ex-
tended through the entire water depth. The Plexiglas boards ex-
tended 3 m upstream of the array and ended in a toe that was
tapered to the bottom to eliminate flow disruption.

that the gradients of velocity are defined by the half-width,
i.e. d/2, because the velocity is greatest at the center of the
flow region. Using Eq. 2 to define the pressure gradient, we
arrive at

21 ]P 1 ]u w`0 5 2 1 C 2 g 1 n . (4)P t 2r ]z 2 ]z (d/2)

Given that the free stream pressure is hydrostatic, ]P`/]z 5
2rg, the first and third terms cancel and the secondary flow
is described by

2 2d ]u
w(z) 5 2C . (5)p8n ]zt

Using Cp 5 21, Eq. 5 indicates a positive vertical velocity
on the downstream face, as we observed. Parameterization
of eddy viscosity within an array was described in Nepf
(1999). For z . d, the eddy scale is defined by the diameter
of the obstruction, d, such that the eddy viscosity is given
as nt 5 ku*d, where k 5 0.4 is the von Karman constant,

and u* is the friction velocity of the bottom between ob-
structions. For z , d, nt 5 ku*z.

A more general result can be found from Eq. 5 by assum-
ing a logarithmic boundary layer profile within the canopy.
This gives

1 ln(z/z )ow(z) 5 u*d , (6)
38 k z

where zo characterizes the roughness of the bottom between
obstructions, i.e., excluding the form drag contributed by the
obstructions.

The strength of the shear and the height of the BBL, d,
determine the magnitude and vertical extent of the secondary
flow. If the obstruction height ho is less than d, then the
region of vertical flow will be limited to ho, as observed for
live benthic feeders (Johnson 1988) and individual feeding-
tube mimics (Eckman and Nowell 1984). However, the lim-
ited height of the obstruction does little to affect the above
derivation, because Cp is unaffected by the finite cylinder
height, except close to the free end (Luo et al. 1996). Spe-
cifically, Cp becomes less negative (decreases in magnitude)
within two diameters of the free end, because the flow is
increasingly three-dimensional (Luo et al. 1996). However,
Cp remains negative to the tip, maintaining the upward sec-
ondary flow.

Without diffusion, the vertical extent of positive velocity
dictates the height to which water parcels can be raised
above the bottom (hrise). However, hrise can be limited by dif-
fusion; i.e., solute or particles captured in the ascending flow
may escape to the free stream through diffusive transport
before traveling the full height of the flow region (Fig. 2a).
The rise height is determined by comparing the time scale
for horizontal diffusion to that of vertical advection. The
diffusion time scale (tD) is

2d
t ; , (7)D Dt

where the diameter, d, dictates the lateral dimension of the
ascending flow region and Dt is the turbulent diffusivity. We
focused on turbulent diffusivity because it dominates its mo-
lecular counterpart except very close to the bed. Assuming
the turbulent Schmidt Number Sct 5 nt /Dt ø 1, then Dt 5
nt. The time scale tD represents the time required for dye to
diffuse out of the ascending flow. With a vertical advection
rate of w, the dye can be carried to a height given by

2wd
h ; wt ; , (8)rise D Dt

before it is completely released into the free stream and/or
downstream wake. From Eq. 8 we see that hrise decreases as
Dt increases, i.e. as turbulence levels rise. The vertical ad-
vection, w, also decreases as turbulence levels rise and thus
nt increases (see Eq. 5), so that increasing turbulence levels
act through two mechanisms to decrease hrise. Because tur-
bulence levels have been shown to be a function of both free
stream velocity and population density (Nowell and Church
1979; Eckman 1990; Nepf et al. 1997), we anticipate that
hrise will be a function of these parameters as well.
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Methods

Experiments were conducted in a 20-m long by 38-cm
wide recirculating, glass-wall flume at a flow depth of 15
cm (Fig. 2b). The depth (z) was defined as zero at the bottom
and positive upwards, and the x-axis was positive down-
stream. The model array was constructed from wooden cyl-
inders 6.4 mm in diameter. The cylinders were a reasonable
surrogate in cross-section and rigidity for animal tubes (Eck-
man and Nowell 1984), reed stems, and the basal stem re-
gion of several seagrasses and marsh plants (Fig. 1). The
cylinders were mounted onto 1.25 cm Plexiglas boards. The
boards extended 3 m upstream of the array and were tapered
to the bottom to eliminate flow disruption. Smooth inlet con-
ditions were achieved by fibrous mats that damped inlet tur-
bulence and a 1-m section of 0.6-cm honeycomb that elim-
inated swirl. The cylinders were arranged in a staggered
array so that every fifth row was aligned longitudinally. The
population density, n, was defined as the number of cylinders
per base area. In addition to observing flows for a single,
isolated cylinder, three values of n were considered: 210,
500, and 1,870 m22, corresponding to 0.6%, 1.4%, and 5.3%
area coverage of the base.

The arrays differed from field conditions in that the pop-
ulation density was spatially uniform both horizontally and
vertically (i.e., emergent). The uniform array was selected to
uncouple velocity and population density so that each one’s
effect could be evaluated independently. Within a uniform
array, the obstruction density directly controls the turbulence
intensity (Nepf 1999). The unlimited cylinder length also
allowed us to observe the maximum rise height for a given
flow condition. As noted above, extrapolation to obstructions
of finite height is straightforward, with the expected rise
height equal to the lesser of the obstruction height, ho, or the
rise height determined for an unlimited obstruction. Extend-
ing results from uniform, emergent systems to nonuniform,
submerged systems is discussed below.

Mean velocities, U, of 3–13 cm s21 were considered. This
range represents conditions within marsh/reed systems
(Leonard and Luther 1995) and seagrass beds that colonize
protected coastal areas (Worcester 1995; Grizzle et al. 1996;
Koch 1996). The principal dynamics described in this study,
however, would be unchanged when extrapolated to higher
velocity ranges. Vertical profiles of the longitudinal (u) and
vertical (w) velocities were measured using a two-dimen-
sional laser Doppler velocimeter (LDV). Mean and turbulent
velocity statistics were estimated from 100-s records sam-
pled at 100 Hz. The measurement error for each record was
60.15 mm/s. To capture spatial variability within the array,
multiple profiles were measured for each flow condition. The
mean and turbulent velocities of each profile were then av-
eraged to form a profile of bulk flow characteristics within
the array (Nepf et al. 1997). Using the individual velocity
profiles, the local shear velocity, u*i, was estimated from the
near-bottom values of Reynolds stress, i.e. u*i 5 .Ï u9w9
The array bed-friction velocity, u*, was taken as the average
of the local values, u*i. This estimator characterized the bot-
tom drag only and excluded form drag associated with the
obstructions. The bed-friction velocity, u*, was used to as-

sess eddy viscosity for Eqs. 5 and 6. Finally, profiles of
vertical velocity, w, were measured 2 mm directly upstream
and downstream of individual cylinders.

The flow field was also visualized using a neutrally buoy-
ant blue dye (food coloring). The dye was injected at the
bottom through a 20-cm-long syringe needle, following the
technique described in Johnson (1988). As a second tech-
nique to aid visualization, crystals of potassium permanga-
nate were distributed laterally in a line across the bottom,
creating a continuous line source of dye. A back-lit white
background produced excellent visual contrast, creating clear
images of the dye movement. Half-centimeter markings on
the test cylinder were used to quantify the vertical rise height
of the dye. Finally, neither the dye visualization nor the lat-
erally distributed velocity measurements suggested the pres-
ence of the flume-scale secondary flow commonly associated
with noncircular channel cross-sections of small width-to-
depth ratio (White 1986).

Similar dye visualization experiments were conducted
within an array of natural seagrass (Thalassia testudinum,
384 shoots m22) in a 9 3 0.5 m laboratory flume at the
University of South Florida. The submerged seagrass mead-
ow was exposed to a mean current of 5 cm s21 and a water
depth of 16.3 cm. In addition, flow visualization was con-
ducted within an emergent stand of Spartina alterniflora
(Smooth Cordgrass) in the Great Sippewisset Marsh, Cape
Cod, Massachusetts. The movement of dye injected at the
bottom behind individual stems was recorded using an un-
derwater camera.

Results

Velocity profiles—Profiles of the longitudinal velocity,
u(z), are shown in Fig. 3 for each cylinder density: upstream
of a single cylinder, i.e. free-stream (Fig. 3a); 210 cylinders
m22 (Fig. 3b); 500 cylinders m22 (Fig. 3c); and 1,870 cyl-
inders m22 (Fig. 3d). The friction velocity for each case was
0.36, 0.40, 0.48, and 0.60 cm s21, respectively. The corre-
sponding vertical velocity measured 2 mm downstream of
an individual cylinder is given in Fig. 3e–h (closed circles).
The general characteristics of the secondary flow agreed
with our predictions. The maximum vertical velocity oc-
curred near the bed, coincident with the maximum shear,
]u/]z, and the vertical extent of the secondary flow roughly
matched the boundary layer height, d. As the array density
increased, the near-bottom shear also increased, while shear
over the rest of the profile (specifically z . d) was dimin-
ished because of greater vertical mixing. The vertical flow
also decreased with increasing population density, indicating
that it responded to the local (in z) shear, not the near-bed
characterization, u*. In other words, the vertical flow re-
sponded to the local balance of pressure and viscous stresses,
and the vertical advection of momentum (w ]w/]z) is un-
important, as assumed in Eq. 3. This finding can be further
demonstrated by using the observed velocities to compare
the magnitudes of the viscous terms and the dominant in-
ertial term, w ]w/]z, which scales as w2/d. The viscous term
is O(10) times larger than the inertial term, indicating that
the inertial terms can be neglected, as assumed in Eq. 3.
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Fig. 3. Vertical profiles of longitudinal velocity (u) measured
upstream of a single cylinder, i.e. free-stream velocity (a) and within
arrays of population density n 5 210 m22 (b), 500 m22 (c), and
1,870 m22 (d). Profiles of vertical velocity (w) measured 2 mm
downstream of a cylinder’s downstream face are shown as dark
circles for a single cylinder (e) and for a cylinder within an array
of n 5 210 m22 (f), n 5 500 m22 (g), and n 5 1,870 m22 (h). The
vertical velocity predicted from the measured longitudinal profile,
u(z), and Eq. 5 is shown as open circles; it agrees well with the
observed values. If a logarithmic form is assumed for u(z) (Eq. 6),
the vertical velocity is overpredicted in most cases (solid line). The
black column indicates observed rise height (hrise) with standard
error for dye injected at the bottom.

The decrease in ascending flow magnitude with increasing
population density was also due to increasing turbulent vis-
cosity, which diminished the vertical flow through turbulent
exchanges of momentum to the outer flow. Although the
turbulent viscosity was not measured directly, the magnitude
of turbulent exchange was reflected in the levels of turbu-
lence intensity. Turbulence intensity increased steadily with
obstruction density, both within the ascending flow (0.08,
0.12, 0.18, 0.35) and within the bulk flow of the array (0.06,
0.16, 0.21, 0.39), where the values given are vertical aver-
ages for n 5 1 cylinder, 210 m22, 500 m22 and 1,870 m22,
respectively.

For each case, the profile of longitudinal velocity, u(z),
was used to evaluate the gradient, ]u2/]z, which was then
used with Eq. 5 to predict the ascending flow, w(z) (open
circles and dashed line in Fig. 3e–h). There was excellent
agreement between the observed vertical velocities (closed

circles, Fig. 3e–h) and those predicted by Eq. 5, again sup-
porting the ideas that w ; u2 and that the local balance
between viscous stress and pressure on which Eq. 5 was
based accurately represented the physics of the system.

Within approximately one cylinder diameter of the bed, z
, d, the predicted velocities deviated from the observed
values. This was most apparent for the single obstruction
and the 210 m22 array, for which the predicted velocities
(open circles and dashed line) extended beyond the axis lim-
its for z , d. The observed vertical flow was diminished
near the bed because the no-flux boundary condition forced
w 5 0 at z 5 0. In natural systems this boundary condition
may be relaxed (w . 0 at z 5 0 is possible) if the porosity
of the bottom is sufficient to permit exfiltration comparable
to the vertical secondary flow. Larger near-bottom velocities
would result (see discussion below on pore-water exfiltra-
tion).

Finally, the vertical velocity predicted with the assumption
that u(z) is logarithmic, i.e. Eq. 6, is shown as a solid line
in Fig. 3e–h. Because the laboratory flow was smooth tur-
bulent with respect to the bottom boundary, z0 5 n/9u* in
Eq. 6. For an isolated cylinder (Fig. 3e), the logarithmic
prediction was reasonable, except near the bottom and ap-
proaching the top of the boundary layer, where u(z) naturally
diverged from the logarithmic model. As the array density
increased, the logarithmic model deviated from the measured
profile u(z), specifically predicting more shear than ob-
served; thus the logarithmic model progressively overpre-
dicted the ascending flow. Clearly, the logarithmic law is not
valid within an array.

This description of ascending flow reflects conditions for
which velocity can be held constant as the population density
increases. In the field, however, the in-meadow velocity is a
function of stem or shoot density. The effect of stem density
alone on the ascending secondary flow is more complex than
observed in the controlled laboratory system.

Dye Rise Height—Black bars in Fig. 3e–h indicate the
vertical rise height (hrise) measured in the model array. In all
cases, hrise was smaller than the vertical extent of the as-
cending flow (w . 0), indicating that turbulent diffusion
limited hrise. Even though the turbulent viscosity and turbu-
lent diffusivity were comparable, the velocity signature per-
sisted over a greater vertical distance because the source of
momentum, i.e. the pressure gradient, was distributed dif-
ferently than the source of dye. As fluid rose from the bot-
tom, mass exchange between the secondary flow and the free
stream caused both dye and momentum to be lost to the free
stream at comparable rates, i.e. Sct 5 nt /Dt ø 1. However,
the dye concentration was attenuated more rapidly because
it was only introduced at the bottom, whereas momentum
was introduced over the entire boundary layer height by the
pressure gradient throughout this region of shear.

Figure 4 demonstrates that the predicted values of hrise

(open circles) based on Eq. 8 matched the observed values
(closed circles) within the model array, indicating that the
correct scale dependence was captured by that calculation.
The rise height decreased with increasing population density
and with increasing longitudinal velocity, as both trends
were accompanied by increasing turbulence and thus tur-
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Fig. 4. Comparison of the observed (closed circles) and predicted (open circles) dye rise height,
hrise, within model cylinder arrays for four values of population density, n. In each graph the left-
most data pair corresponds to an individual cylinder. Bars indicate standard error. Each subplot
represents a different mean velocity: U 5 (a) 3.2, (b) 6.5, (c) 9.8, and (d) 13.1 cm s21.

bulent diffusivity. The inverse relation between hrise and U
particularly reflected the dominant limiting function of tur-
bulent diffusivity, because the rise height decreased, albeit
weakly, despite an increase in vertical velocity associated
with increasing longitudinal velocity. In addition, it suggests
that the impact of the secondary flow may increase with
slower flows.

The Peclet number, Pew 5 (whrise) / Dt, which compares
the roles of vertical advection and diffusion, was evaluated
using observed values of w and hrise and assuming that ver-
tical diffusivity was given by Dt 5 ku*d. Except for the
densest array (n 5 1,870 m22), Pew . O(10), indicating that
vertical transport near individual cylinders was dominated
by advection within the secondary flow. However, for the
highest population density Pew 5 (9, 4, 2, 2) for U 5 (3.2,
6.5, 9.8, 13.1 cm s21), respectively, suggesting that turbulent
diffusion was becoming important to the local vertical trans-
port.

Observations of vertical dye transport away from the bot-
tom were also made in a test flume behind natural leaves of
the seagrass Thalassia testudinum. These leaves are ribbon-
like (20 cm long and 8 mm wide) with a relatively stiff base
sheath and a flexible upper portion (Fig. 1). The flow around
the base sheaths was similar to that within the model array,
such that ascending flows were expected near the bottom of
the canopy. Under a mean current of 5 cm s21 the upper
leaves bent in the direction of flow, redirecting some of the
principal current over the top of the canopy. Thus, although
no direct measurement of in-canopy flow was available, we
expect that it was somewhat less than the mean current. As
a reasonable approximation, we considered that the condi-
tions at the base of the canopy were similar to those for the
cylinder experiment under the lowest velocity, U 5 3.2 cm
s21. Observations and predictions for this velocity suggested
a rise height between 3 and 5 cm for n 5 384 m22, the
canopy density (Fig. 4a). Indeed, the observed rise height
within the seagrass canopy was hrise 5 3.5 cm, ending slight-
ly below the bent area in the flexible leaf zone. Observations
made in the field within a stand of Spartina alterniflora also

confirmed the presence of near-bottom ascending flows be-
hind individual stems. Dye rose 2–4 cm from the bottom,
diverting from the stems just below the region of increasing
stem/leaf density.

Discussion

Our laboratory experiments confirmed that ascending
flows can be readily produced under flow conditions com-
parable to those found in aquatic systems and that the flow
and associated vertical transport depend on both the current
speed and the intensity of turbulence. The array conditions
we studied were distinct from previous hydrodynamic stud-
ies of cylinder secondary flows, which focused on individual
cylinders (Woo et al. 1989). Our results highlight how pop-
ulation density, by influencing both flow speed and turbu-
lence, provide an important control on the strength of the
secondary flow.

Extension to field conditions—The experiments were con-
ducted in a uniform array so that velocity and population
density could be manipulated independently, with population
density largely controlling the turbulence intensity. In non-
uniform systems such as plant canopies, this independence
no longer holds and the in-canopy velocity decreases with
increasing shoot density, which increases vegetative drag.
The relationship between turbulence intensity and population
density is more complex because it reflects the competing
effects of reduced velocity and increased turbulence produc-
tion by the obstruction wakes. These opposing tendencies
produce a nonlinear response in which the turbulence levels
initially increase but eventually decrease with increasing
population density (Nepf 1999). This nonlinearity has been
previously noted for emergent marsh vegetation (Burke and
Stolzenbach 1983) and for flow within other bottom rough-
ness elements (Eckman 1990). It may explain the apparent
discrepancy between observations of turbulence levels with-
in different seagrass canopies; that is, some studies report an
increase (Gambi et al. 1990; Grizzle et al. 1996) and others
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a decrease (Eckman et al. 1989; Ackerman and Okubo 1993)
in turbulence within such communities. Although the spe-
cific relationships between population density, flow speed,
and turbulence intensity are different in the real, nonuniform
canopies, the scaling laws presented here are still valid. That
is, given the in-canopy flow, u(z), and the turbulence inten-
sity, which dictates Dt and nt, both the strength of the as-
cending flow, w, as well as the vertical transport scale, hrise,
can be predicted from Eqs. 5 and 8, respectively. The di-
minished mean flow observed within canopies would tend
to reduce the ascending flow, while the diminished levels of
turbulence intensity noted by some researchers (Ackerman
and Okubo 1993; Worcester 1995) would promote it. How-
ever, the observations recorded in Fig. 4 suggest that tur-
bulence intensity is more important than flow speed in con-
trolling vertical transport. Specifically, hrise decreased, albeit
weakly, with increasing flow speed, indicating that the in-
creasing diffusivity plays a larger role than the increasing
dynamic forcing (u2). Thus, quiescence within real canopies,
in particular the low turbulence intensity and diminished tur-
bulent diffusivity (Ackerman and Okubo 1993), should pro-
mote near-bottom vertical transport by this secondary flow
mechanism.

Often real canopies also have vertical heterogeneity in
plant biomass that affects the in-canopy current structure.
For example, in some marshgrass (Leonard and Luther 1995)
and seagrass (Koch 1996) species the near-bottom morphol-
ogy, i.e., the sheath holding together the basal parts of the
leaves or the short shoot supporting the leaves, produces less
drag than the morphology higher up. In these cases, flow is
intensified near the bottom, promoting the secondary flow in
the basal region of the canopy. Moving up from the bottom,
the velocity decreases as the vegetative drag increases, pro-
ducing a near-bottom velocity maximum just below the tran-
sition to denser vegetation. Because an ascending flow will
only be generated in regions of positive shear, ]u/]z . 0,
the vertical location of the near-bottom velocity maximum
limits the vertical extent of the secondary flow. This control
on the vertical rise height was suggested by the field obser-
vations in Spartina alterniflora described above: the ascend-
ing tracer diverged from the stems just below the point of
increasing biomass density.

Finally, many aquatic plants are flexible and increase their
angle of bending with increasing mean current speed (Fonseca
et al. 1982). When the stem is inclined from the vertical, and
in particular at inclinations greater than 308, the plant shape
is more streamlined and the pressure drop around the stem is
reduced; i.e., the pressure coefficient, Cp, on the downstream
face becomes less negative. This diminishes the pressure-in-
duced secondary flow, as indicated by Eq. 5. When bent al-
most horizontal, the leaf can physically block a vertical flow.
But even in systems with flexible leaf and upper stem regions,
such as seagrasses, the near-bottom shoot is often stiff and
cylindrical so that the conditions for an ascending flow are
met at the base of the canopy. Consistent with this theory, we
observed ascending flows of hrise 5 3.5 cm in the near-bottom
region of the seagrass Thalassia testudinum. For this system,
hrise roughly corresponded to the bending point of the leaf,
suggesting that the bending leaf did have some control over
the maximum rise height. Finally, for dense meadows under

conditions of extreme bending, the mean current is almost
entirely deflected over the top of the canopy (skimming flow),
so that flow within the canopy is greatly reduced or eliminated
(Fonseca et al. 1982). This will reduce or eliminate the sec-
ondary flow as well.

Pressure-driven flows within the sediment—In addition to
creating vertical transport within the water column, the pres-
sure gradients produced by protruding stems may also gen-
erate flows within the sediment. Pressure-driven flows of this
type have been observed near sand ripples (Huettel at el.
1996; Elliot and Brooks 1997a,b) and around organisms rest-
ing on or protruding from the bottom (Huettel and Gust
1992). As water flows over the bedform/object, regions of
high and low pressure form at the front and the rear faces,
respectively. This pressure gradient drives flow through the
sediment. The exfiltrating current, which occurs at the rear
face, may carry nutrients (N, Si, P) and DIC into the water
column. If the obstruction is cylindrical, e.g. a grass shoot
or feeding tube, the pressure gradient at the bed can be ap-
proximated from Eq. 2 and the obstruction diameter. Taking
Cp 5 1 and 21, at the front and rear face, respectively,

2]P rU
5 , (9)

]s d

in which the pressure gradient is interpreted along the flow
path through the sediment, s, which scales on the stem di-
ameter, i.e. the distance between the extremes of pressure.
Recall from above that on the rear face Cp ø 21 even as
ReD → 1, such that the pressure gradient given in Eq. 9
would be present even within the viscous sublayer. The ex-
filtration velocity, VD, can then be estimated from Darcy’s
Law (Freeze and Cherry 1979):

2]P/]s KU
V 5 K 5 , (10)D rg gd

where K is the hydraulic conductivity, and g is the gravita-
tional constant.

For typical values of K, the exfiltration velocity will be
much less than that predicted for the secondary flow within
the water column (see Eq. 5), so that the ascending flow will
draw fluid from the water column as well as capturing the
exfiltration. In addition, the mismatched boundary condition
will constrain the secondary ascending flow near the bed (z
, d), i.e. reduce it from Eq. 5, as discussed earlier. Finally,
while the exfiltration current has been observed to transport
particles of 1–10 mm, the current is too weak to dislodge
particles at the sediment grain scale and thus does not appear
to influence the depositional pattern around an obstruction
(Huettel et al. 1996).

To confirm the validity of Eq. 10, we compared a pre-
dicted exfiltration rate with that observed for an array of
polycheate tube mimics consisting of cylinders 0.6 cm in
diameter protruding 1 cm above the bed (Huettel and Gust
1992). The following values are taken from Huettel and Gust
(1992): K 5 1.5 3 1022 cm s21 (5 15 Darcy), and U 5 8
cm s21 inferred for a logarithmic profile with u* 5 0.5 cm
s21 and the protruding height of the tubes. Using these values
in Eq. 10, VD 5 1.5 3 1023 cm s21. The exfiltration area Ae



1079Vertical secondary flows

5 4 d2 (fig. 1 in Huettel and Gust 1992) and the tube pop-
ulation density n 5 34 m21. The predicted rate of pore-water
exfiltration was [VDnAe] 5 6.3 liter m22 day21, which com-
pares well to the observed rate of 8.8 liter m22 day21 (table
1 in Huettel and Gust 1992). Although limited to only one
flow condition, the agreement between observed and pre-
dicted values suggests that Eq. 10 is accurate and can be
used to assess the magnitude and thus the potential role of
pressure-induced pore-water exfiltration, given the shoot di-
ameter, the near-bottom, in-canopy current speed, and hy-
draulic conductivity of the sediment.

Implications of vertical flows within canopy, sediment,
and water column—The combination of pressure-driven
flows described above, i.e. pore-water exfiltration and as-
cending secondary flows, could create rapid movement of
nutrients and DIC from interstitial waters to several centi-
meters into the water column. This direct advection between
sediment and water column would circumvent the diffusive
boundary-layer limitation on vertical exchange, supporting
the recent review by Güss (1998) that questioned the mo-
lecular-diffusive-layer limitation for flows over porous sur-
faces. In addition, the vertical flows may control the avail-
ability and the vertical distribution of nutrient-enriched
water, having important implications for biological function
within an aquatic canopy.

The potential importance of this vertical transport mech-
anism depends on the in-canopy (colony) flow speed and
turbulence intensity, which, as described above, are dictated
by the mean current speed as well as the population density
and flexibility of the vegetation (protruding structures). The
pressure-induced pore-water advection increases with U
(specifically, with U2). But hrise decreases with increasing U
because of increasing diffusivity (Fig. 4 and Eq. 8). As a
result, low near-bottom flow should create a small exfiltra-
tion flux but large vertical transport within the water column,
while high near-bottom velocity should create a large exfil-
tration flux but limited vertical transport within the water
column; that is, the exfiltrate would be trapped close to the
bottom. The second regime is promoted by biomass distri-
butions that decrease close to the bottom to produce near-
bottom maximums in the velocity profile. This regime would
produce maximum nutrient concentration near the bottom,
which would benefit marshgrasses and seagrasses with basal
meristems, i.e. whose young, actively growing tissue is lo-
cated near the base of the plant.

As a second example of how vertical flows may affect
canopy ecology, consider the observation that the growth
rate of some freshwater and marine macrophytes is greatest
at intermediate current velocities (Boeger 1992; Merrell
1996; Power 1996; Koch 1999). Because these plants can
use nutrients from either the water column or the pore water,
the following regimes of nutrient supply would apply: For
low near-bottom flow, pore-water advection (Eq. 10) is small
and nutrient regeneration from the bed is limited. The com-
bination of low nutrient supply and relatively thick blade
boundary layers, also the result of low flow speed, greatly
reduces the flux between the leaf surface and the canopy
water. In addition, the low pore-water exfiltration may allow
phytotoxins like sulfide to accumulate in the sediment. For

high in-canopy flow, pore-water advection is rapid, reducing
nutrient availability to the roots. In addition, hrise is small and
the exfiltrated nutrients may not be carried high into the
canopy to benefit the photosynthetic tissue and its epiphytes.
Rapid exfiltration coupled with limited vertical transport
could limit nutrients at both the root and the leaf levels, as
suggested by Koch (1999). Consistent with this hypothesis,
high flows do not negatively affect plant growth in cohesive
sediments that have low hydraulic conductivity and thus ex-
hibit limited pore-water exfiltration even under high flow
conditions (Boeger 1992). Because both high and low flows
limit growth, intermediate flow speeds are optimum. Pore-
water advection would then be sufficient to reduce phyto-
toxins while enhancing the level of nutrients and DIC in the
water column, and the secondary flow would be large
enough to carry the nutrients and DIC vertically to the leaves
while the sulfide was oxidized. Under these conditions plants
could use nutrients from both the sediments and the water
column.

In summary, we combined quantitative observation and
theoretical flow analysis to describe the vertical secondary
flow on the downstream face of cylindrical obstructions, both
in isolation and within an array. The ascending flow reflected
a local balance of vertical pressure gradient, proportional to
]u2/]z, and viscous stress. It was controlled by the in-canopy
current speed and turbulence intensity, both of which depend-
ed on the population density. Scaling laws derived and con-
firmed in this study can be used to assess the importance of
the secondary flow to near-bottom vertical transport within an
aquatic canopy or benthic colony of varied height and density.
Our results also suggested that the ascending secondary flow
coupled to pressure-driven pore-water exfiltration may create
rapid vertical advection between the sediment and water col-
umn, which could control the availability and distribution of
nutrients and DIC within a canopy.
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