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Abstract

We describe a laboratory investigation into the effect of turbulent hydrodynamic stresses on clam larvae in the
settlement phase of the recruitment process. A two-component laser-Doppler anemometer (LDA) was used to mea-
sure time histories of the instantaneous turbulence structure at potential recruitment sites within reconstructed beds
of the adult Asian clam, Potamocorbula amurensis. Measurements were made for two flow speeds over beds with
three different clam densities and two different clam heights. We analyze the statistical effect of the turbulence on
the larval flux to the bed and on the probability of successful anchoring to the substrate. It is shown that the
anchoring probability depends on the nature of the instantaneous stress events rather than on mean stresses. The
instantaneous turbulence structure near the bed is altered by the flow rate and the spacing and height of adult clams
living in the substrate. The ability to anchor quickly is therefore extremely important, since the time sequence of
episodic turbulent stress events influences larval settlement success. The probability of successful larval settlement
is predicted to decrease as the spacing between adults decreases, implying that the hydrodynamics impose negative

feedback on clam bed aggregation dynamics.

Species success, population density, and community struc-
ture are all dependent on larval recruitment. Therefore, the
processes of settlement and recruitment of benthic and epi-
benthic communities have been the subject of substantial
research (see Olafsson et al. 1994; Wildish and Kristmanson
1997 for recent reviews). A major portion of the work has
involved the transport of larvae to the bed and settling of
the larvae by passive or active selection processes (see re-
views by Butman 1987; Abelson and Denny 1997). Several
researchers have found that it is the combination of larval
behavior (e.g., swimming, crawling, burrowing) and physical
processes that deliver the larvae to the bed that is responsible
for the recruitment success (Mullineaux and Butman 1990;
Butman and Grassle 1992; Grassle et al. 1992; Snelgrove et
al. 1993). As summarized by Underwood and Keough
(2001), it is no longer a question of whether hydrodynamics
or behavior are important in recruitment, rather it is a ques-
tion of “under which conditions is larval behavior impor-
tant?” We will expand this question and say that it is also
important to determine the periods, during the relevant phys-
ical processes, when larval behavior is important.

Related to the interest in larval recruitment is an ecolog-
ical interest in what regulates temporal, spatial, and age-
segregated distributions of species. Thus, the processes im-
portant in determining how aggregations of benthic
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populations are formed and how existing populations limit
or facilitate successful recruitment continue to be examined
(Olafsson et al. 1994). Although there is significant literature
on the interspecific and intraspecific effect of adults on larval
settlement and recruitment, many of these studies have pro-
duced conclusions that appear contradictory (Olafsson et al.
1994; Thrush et al. 1996). Some studies have shown that
chemical cues originating from adults encourage the settle-
ment of larvae of the same species (Pawlik 1992), which
results in gregarious aggregations. However, other research-
ers have shown that larval recruitment is inversely related
to adult bivalve density (Moller 1986; Andre and Rosenberg
1991). It has been suggested that adult predation on larvae
(Williams 1980; Andre et al. 1993) and postsettlement pro-
cesses, including adult behavior and food limitation (Olafs-
son et al. 1994), are the controlling factors in the inhibition
of larval recruitment (Woodin 1976; Osman et al. 1989;
Olafsson et al. 1994; Snelgrove et al. 1999). It is likely that
the conflicting conclusions in the various studies may be at
least partially related to the hydrodynamic constraints on lar-
val settlement in a population of adults with varying den-
sities and shapes, and thus this question is likely to be related
to a more general question of what fluid mechanics control
and influence settlement. This study will consider two se-
quential aspects of larval settling: transport of the larvae to
the bed and settlement or attachment of the larvae to the
bed. Our intent is to demonstrate that near-bed hydrodynam-
ics dominate larval transport to the bed and are the primary
control on the first stage of larval settlement. Settlement is
defined here as the successful and semipermanent attachment
of the larvae to the substratum (Keough and Downes 1982).
In as much as “early settlement” refers to the successful
attachment of the larvae to the substrate, we discuss only
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this phase of the process. The two objectives of this paper
are

1. to define the relevant near-bed hydrodynamics that affect
the early settlement (hereafter referred to as settlement)
of larvae onto the bottom, and

2. to determine how the presence of adults, and the resulting
hydrodynamics, affects the successful settlement of lar-
vae.

Our conceptual model about the processes important in the
first objective and the scope of our study can be summarized
as follows. Successful recruitment of a species with plank-
tonic larvae requires that the suspended larvae first settle to
suitable locations on the substratum, usually through some
combination of passive sinking, turbulent advection, and
possibly through active swimming. Most species have some
means of anchoring themselves to the substratum once they
arrive at a suitable site in order to resist hydrodynamic re-
suspension. In this paper, we investigate the role of hydro-
dynamics in larval settlement, including its effect on larval
flux to the bed and on the anchoring process. In particular,
we investigate how the near-bed turbulence structure con-
trols the probability of hydrodynamic resuspension during
the critical period between larval touchdown and successful
attachment to the substratum. We do not discuss the pro-
cesses that are important in determining successful recruit-
ment (as defined by Keough and Downes 1982, recruitment
is the survival of larvae in the substrate until counted by an
observer). For example, because we only discuss the phys-
ical processes important in the early settlement phase, we
will not discuss subsequent movement of the larvae follow-
ing early settlement to other locations, which may be due to
behavioral responses (Butman and Grassle 1992; Grassle et
al. 1992) or to a combination of chemical (Pawlik 1992;
Woodin et al. 1998) and physical (Woodin et al. 1995; Miron
et al. 1996) cues.

Theoretical background

Turbulent boundary layer structure—Laml settlement
often takes place within a turbulent benthic boundary layer.
Turbulent boundary layers transport momentum from the
overlaying flow to the bed through viscous interactions and
spatially coherent structures in the flow that, on average,
move high-momentum fluid toward the bed and low-mo-
mentum fluid away from the bed. This momentum transfer
results in shear stresses; the portion of these stresses asso-
ciated with the coherent flow structures are referred to as
turbulent Reynolds stresses.

The average total shear stress, 7, is given by

_ U

7= po -~ p(UW) 1)
where w is the fluid dynamic viscosity, U is the average
velocity, and UW is the correlation between the horizontal
and vertical fluctuating velocity components. The first term
in Eqg. 1 represents the viscous stress component. The second
term, the Reynolds stress, is the averaged effect of turbulent
advection. See Table 1 for a list of all of the symbols used.
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Table 1. List of symbols.

Symbol Meaning

c larval concentration

h above-bed height of adult clam

K turbulent eddy diffusivity

=N probability of successful anchoring

S spacing between adult clams

thie mean time before a larva makes contact with the bed
(mean hitting time)

nondimensional mean hitting time

time remaining in the stress lull after touchdown

time required for the larva to anchor

instantaneous horizontal velocity, i = U + u

time-averaged horizontal velocity

time-averaged horizontal freestream velocity

fluctuating portion of the horizontal velocity component

root-mean-square horizontal velocity, u’ = V2

shear velocity

velocity correlation in the vertical plane; Reynolds stress
= puw

fluctuating portion of the vertical velocity component

root-mean-square vertical velocity, w' = Vw2

larval sinking velocity

vertical coordinate, measured upward from the bed

nondimensional vertical coordinate in wall units, z* =
zu v

boundary layer thickness

dissipation rate

flux of larvae contacting the bed

fluid density

instantaneous stress

time-averaged stress

time-averaged stress at the bed

Terit critical stress

T nondimensional critical stress

W dynamic fluid viscosity
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Reynolds stresses result from the evolution of coherent
structures in a boundary layer (Cantwell 1981). Fluid in the
viscously dominated near-wall region (viscous sublayer) ac-
cumulates into an alternating array of high- and low-speed
streaks that interact with the overlaying flow and produce a
fluid ejection process called a burst. The burst structures can
account for up to 70% of the time-averaged Reynolds stress.
The burst sequence is usually closely followed by a sweep
structure, where upstream and overlaying fluid is injected
toward the wall and sweeps out the near-bed fluid. The
Reynolds stresses are a direct measure of the strength and
coherency of the organized motions in the turbulent bound-
ary layer.

Hydrodynamic forces on settled larvae—/Aettling larva
in a turbulent flow experiences numerous hydrodynamic
forces associated with the fluid motion. These forces fluc-
tuate in time, and the character of the fluctuation is governed
by the structure of the turbulence. The hydrodynamic forces
include lift, form drag, skin friction, fluid acceleration re-
action forces, and forces due to viscous and turbulent shear
stresses (Allen 1985; Denny 1988). The relative strength of
the various forces depends on the larval morphology, the
character of the bed, and the flow state. Predicting all of the
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Fig. 1.

instantaneous constituent forces acting on a larva is com-
plex. However, at the scale of a larva, the temporal variation
of all of the hydrodynamic forces depends only on the tem-
poral variation of the local velocity field, i.e., the turbulence
structure. A study of the turbulence structure yields infor-
mation about the temporal fluctuations in the forces acting
on the larva. Thus, the temporal character of the Reynolds
stress should indicate the temporal character of all of the
hydrodynamic forces that potentially influence larval set-
tling. Although other hydrodynamic forces may also be im-
portant, we chose to study the Reynolds stresses because (1)
they are typically large in turbulent boundary layer flows,
(2) we would expect them to be the dominant influence on
the vertical transport of larvae, and (3) they are easily mea-
sured in the laboratory using nonintrusive measurement
techniques.

Methods

The experiments were performed in an open-channel, re-
circulating water flume with a 3-m long test section; see
O’Riordan et al. (1993) for a detailed description of the fa-
cility. Two flow conditions were used for these experiments:
U.=8cms*tand U, = 40 cm s°%, where U, is the free-
stream velocity. The depth in the test section for the two
flow conditions was 28 and 24 cm, respectively.

Models of adult clam populations were placed in a tray
in the center of the test section bed. The models were con-
structed with complete adult Potamocorbula amurensis
shells embedded into a substrate of clay, as shown in Fig.
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Photograph of the adult clam model in the flume test section, showing the LDA laser
beams. The configuration shown is the clam spacing S = 30.5 mm and height h = 18 mm.

1. The models measured 180 c¢cm in length and 20 c¢cm in
width. A total of six models were tested, where each model
used one of three different clam spacings (S = 30.5, 43.6,
and 61.0 mm) and one of two different clam heights (h =
9 mm and h = 18 mm). A top view of the model clam layout
for one spacing is shown in Fig. 2. The location where the
measurements were taken is marked by the plus symbol in
the figure. Because of the geometric similarity of the model
clam beds, the hydrodynamics at the chosen location are
representative of the hydrodynamics at other possible loca-
tions. A side view of a typical model clam (looking up-
stream) showing the two heights tested is given in Fig. 3.
The spacings, heights, and orientations used in the adult
clam models were based on laboratory and field observations
of live clams in San Francisco Bay made by Thompson (un-
publ. data) and Cole et al. (1992). The size of the clam shells
varied from 22 to 30 mm in length, but the shells in the
vicinity of the measurement location were all approximately
27 mm in length.

A Dantec two-component laser-Doppler anemometer
(LDA) was used to make the velocity measurements from
which the Reynolds stresses were calculated (see Fig. 1).
The LDA uses three laser beams that are focused through a
310-mm focal length lens to form a measuring volume inside
the test section of the flume. The measuring volume is ellip-
tical in shape, approximately 0.1 mm in the vertical and
streamwise directions, and 1 mm in the cross-channel direc-
tion. Thus, the LDA captures the scales of motion respon-
sible for the majority of the transport of momentum and the
production of turbulent shear stresses.
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Fig. 2. Top view schematic of adult clam model for intermediate clam spacing S = 43.6 mm.

Measurements were taken at the location denoted by the plus symbol. Flow is from left to right.
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Up Down

Fig. 3. Vertical placement of clam shells in the model: h = 18
mm (left) and h = 9 mm (right). Substrate is a smooth modeling
clay. View looking upstream.

The LDA laser and optics were mounted on a motorized,
computer-controlled traverse that permitted the LDA mea-
suring volume to be positioned anywhere in the test section.
The traverse system is accurate to within approximately 200
@ Time series of velocity were measured at a series of ver-
tical positions, ranging from very close to the bed (z = 0.7
mm) to the top of the boundary layer (z = 140 to 150 mm),
where the local mean velocity was equal to the free stream
velocity and velocity correlations were essentially zero. At
each vertical position, velocities were sampled at either 63
Hz (for the U, = 8 cm s~ flow) or 135 Hz (for the U, =
40 cm s~ flow) for a period of approximately 15 min. Anal-
ysis of turbulent spectra indicates that this sampling rate is
adequate to resolve the turbulent fluctuations relevant to this
study.

Analysis

This study separately considers larval transport to the bed
and larval anchoring. The transport analysis investigates the
effect of measured turbulence on larval flux to the near-bed
region. The anchoring analysis computes the probability of
anchoring success based on measured stress histories. The
“net larval settlement flux’ is then defined as the product
of the larval flux to the bed and the probability of anchoring
success. The analysis predicts the hydrodynamic effect of
different flow rates and bed geometries on each of these two
constituent processes.

Larval flux calculation—@&nsport to the bed is the first
stage of the settling process, beginning with a larva sus-
pended somewhere in the water column and ending when
the larva makes contact with the bed. The transport of larvae
to the near-bed region is governed by a combination of ac-
tive swimming, passive sinking, and turbulent advection. In
our analysis, larvae are modeled as passive particles, with a
constant sinking velocity that represents the passive sinking
and swimming behavior.

The goal of this part of the analysis is to compare the flux
of larvae hitting the bed for the three different adult clam
spacings and two flow rates. Using a similar reasoning to
Eckman and Duggins (1998) for larval settlement onto pipe
walls, the flux & of larvae contacting the bed (larvae per
unit area per unit time) can be estimated by
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where c¢(z) is the number of larvae per unit volume as a
function of height above the bed and t;(z) is the mean time
before a larva starting at height z makes contact with the
bed (mean hitting time). The time t,,(z) is determined by the
turbulent flow field and sinking plus swimming behavior of
the larvae, and can be estimated from turbulent statistics and
sinking velocities. However, a wide variety of concentration
profiles c(z) have been observed in nature. For example,
some species and some larval stages increase their concen-
trations near the bed, others favor the near-surface, while
still others may respond to pressure and density changes by
concentrating part way down the water column (Young
1995). Thus, concentration distributions are determined by
many factors including upstream conditions, flow history,
and larval behavior. For these reasons, it is not possible to
quantify the flux of larvae to the bed without direct and
simultaneous measurements of the concentration profile. Be-
cause we did not make these measurements, our analysis is
limited to estimating how different clam spacings and flow
speeds affect mean hitting time profiles.

McNair et al. (1997) estimated the mean hitting time using
what they term their local exchange model. The mean hitting
time distribution t,,(z) is calculated by solving the differen-
tial equation

0%t 9K It
K@Q—2 + [— — w2 = —1 3
@) 0z2 (az Ws) 0z )

where K(z) is the turbulent eddy diffusivity distribution and
w, is the larval sinking velocity. The same approach is used
in the current analysis.

For each combination of adult clam spacing and flow
speed, time series of velocity were recorded at a number of
vertical positions above the bed, as described previously.
Though the measurements do not cover the whole water col-
umn depth, they encompass the full boundary layer, and the
top measurement corresponds to a location where the mean
velocity is equal to the free stream velocity. Mean velocities
U and Reynolds stress correlations tw were calculated by
averaging over the length of the time records. A sixth-order
polynomial was fitted to the velocity and Reynolds stress
data versus the logarithm of z, and a continuous eddy dif-
fusivity distribution was estimated from the interpolation
functions as K(z) = aw/(0U/9z). The mean hitting time t,,(z)
was then calculated by solving Eq. 3.

Very close to the bed the flow is affected by strong vor-
tical secondary flows due to individual clam shells. Because
of the strong recirculation in this region, gradient diffusion
concepts are not valid and the eddy diffusivity model no
longer makes sense. For this reason, hitting times were only
calculated to the level of the top of the shells. The bottom
boundary condition was therefore t,,(h) = 0 where h is the
height of the top of the clam shells. The uppermost mea-
surement corresponds to a location where the mean velocity
is approximately equal to the free stream velocity. This
means that K(z) = 0 at this point and therefore the top
boundary condition was ot,;/0z = 1/w, (pure sinking). Equa-
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Fig. 4. Representative history of hydrodynamic stress magni-
tude showing the division of the record into stress lulls, L,, L,, etc.,
for a given value of the critical stress, ;.

tion 3 was solved for two different sinking velocities, w, =
0.1 cm st and w, = 0.3 cm s, representing a range of
typical sinking velocities for clam larvae (Wildish and Krist-
manson 1997).

Anchoring probabilities—Theanalysis in this section
quantifies the effect of the turbulent hydrodynamics on the
ability of larvae to successfully anchor to the substratum
upon arrival at the bed. It is assumed that sufficiently large
hydrodynamic stress events will tend to dislodge or resus-
pend the larva until the instant that the larva is completely
anchored. A successful anchoring requires that the local hy-
drodynamic stresses 7 be less than a critical (unknown) stress
threshold r;, for the larvae at touchdown and during the time
required for anchoring. The analysis presented here is a sta-
tistical description of the duration of local stress lulls (de-
fined as contiguous periods where T < 7;) in the highly
episodic instantaneous stress record. These statistics are used
to calculate the probability of a successful anchoring event
as a function of =, and the hydrodynamic state resulting
from different flow rates and bed geometries. As discussed
earlier, the analysis uses measured records of turbulent Reyn-
olds stress magnitude as a measure of the temporal charac-
teristics of all of the hydrodynamic forces acting on the lar-
va.

Several simplifying assumptions are made in the anchor-
ing analysis. Although the turbulence is certainly at least
partially responsible for the arrival of the larva at the bed,
the time at which bed contact occurs is assumed to be in-
dependent of the stress history prior to that time. Thus, the
analysis starts at the instant of contact with the bed. Also,
only the stress magnitude is considered with regard to larval
resuspension, meaning that sufficiently large positive and
negative stresses are assumed equally likely to terminate the
anchoring process.

Figure 4 contains a short, representative history of the
hydrodynamic stress magnitude near the bed. The episodic
nature of the stress record is a signature of the near-bed
turbulence structure. For any chosen value of the critical
stress 7., the instantaneous stress record can be parsed into
a set of periods where 7 < 7,; the lulls are labeled as L,
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where i runs from 1 to M. The variable M is the total number
of stress lulls in a stress record for a given value of . As
shown in Fig. 4, the first complete lull begins at time t, and
the last complete lull ends at t,. The total amount of time
during the period t,—t, that the instantaneous stress is below
the threshold is equal to the sum over M of the individual
lull lengths, L;.

For successful anchoring to be possible, a larva must
make contact with the bed during a given stress lull L;, and
the lull must be at least as long as the required anchoring
time, t,. Furthermore, a larva must land early enough in a
given lull such that the remaining time in the lull equals or
exceeds t,. This shortens the useful portion of a lull from L,
to (L, — t)). Thus, the probability P, of a successful an-
choring event can be expressed as

M
2 W
Pu(Tor 1) = = 4
A(Terivr 12) P 4)
where
Li—t, ifL=t,
v = {o ifL, <t, ®)

For stress data sampled discretely at time intervals At, Eq.
5 can be evaluated as

Nimax

¥ = E Hi(j)At (6)
J=]a
where j, is an integer approximation of the number of sam-
ple time steps in t, and N, is the number of samples in the
longest measured stress lull. The variable H, is defined as

. 1 ifl=j<N,

H.(j) = ' 7

10) {O 1= N, )

where N; is the number of samples in the it stress lull. Sub-
stituting Eq. 6 into Eq. 4 results in

At Nmax M

> > H() (8)

t,— b5 =

PA(Tcrit! ta) =

Equation 8, when combined with an appropriate stress cri-
teria, 7, and anchoring time, t_, allows the probabilities of
successful anchoring events to be directly calculated from
stress time histories.

Results

Mean turbulence statistics—Figure$ and 6 contain ver-
tical profiles of mean velocity, turbulence intensities, and
Reynolds stresses for all three clam spacings, with clam
height h = 18 mm and flow speed U, = 40 cm s~*. For all
measurements, z = 0 corresponds to the substrate location,
and data were taken between adult clams at the horizontal
location indicated in Fig. 2. The clam spacing has a signif-
icant effect on the mean turbulence statistics. Decreasing the
clam spacing reduces the mean near-bed velocity and the
mean near-bed shear (Fig. 5a). Decreasing the clam spacing
increases the mean Reynolds stress correlation away from
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Fig. 5. Effect of adult clam spacing on (a) streamwise velocity and (b) Reynolds stress corre-
lation profiles for U, = 40 cm s~* and h = 18 mm. Values of the adult clam spacing S are shown
above.

the bed, but decreases it close the bed (z < 3 mm, Fig. 5b). ily accomplished at the smaller spacing. However, the sta-
Finally, decreasing the clam spacing increases the stream- tistical stress results presented in a later section (which con-
wise and vertical turbulence intensities (Fig. 6a,b). The ef-  siders the structure of instantaneous rather than mean
fect of clam spacing on the turbulence statistics shown in  stresses) shows the opposite result. These seemingly con-
Figs. 5 and 6 is typical of that measured for the other flow  flicting results highlight the need to consider instantaneous
speeds and clam heights. Of particular note to the present  structure rather than mean quantities.

study is that very close to the bed the mean velocity, mean

shear, and mean turbulent stress decrease as the clam spacing Larval fluxes—Theffect of turbulence on the flux of lar-
decreases, which suggests that anchoring might be more eas-  vae to the bed can be quantified in terms of the mean hitting
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Fig. 6. Effect of adult clam spacing on (a) streamwise and (b) vertical turbulence intensity
profiles for U, = 40 cm st and h = 18 mm. Values of the adult clam spacing S are shown above.
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Fig. 7. Mean hitting times as a function of vertical position in the boundary layer (relative to

the top of the adults). Hitting times are normalized by the time taken to fall the full depth of the
boundary layer in the absence of turbulence and plotted as the difference between the local exchange
model estimates and the no-turbulence values. (a) shows the results for the U, = 8 cm s exper-
iments and (b) shows the results for the U,, = 40 cm s—* experiments for all three spacings S of

adult clams and two sinking velocities w;.

time profile t,,(z). Figure 7 shows the local exchange model
estimates of mean hitting times for the three clam spacings,
two flow velocities, and two sinking rates. Hitting times are
plotted as the change in hitting time relative to the pure
sinking (no turbulence) case, nondimensionalized by the
time taken to fall over the depth of the boundary layer if
there were no turbulence. The nondimensional hitting time
is denoted t¥*. Positive values of t%, indicate that hitting times

are increased by turbulence, relative to the pure sinking case.
That is, it takes a larva longer to reach the bed when released
from a given point in the water column. Conversely, negative
values of t¥ indicate that hitting times are decreased by the
turbulence relative to the pure sinking case.

There are four notable results:

1. For the high flow speed (40 cm s=%), hitting times are
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Probability of successful anchoring versus threshold stress for adult clam spacing S =

30.5 mm and height h = 18 mm. Results are shown for (a) U, = 8 cm st and (b) U, = 40 cm
sL. Values of the anchoring time t, (in seconds) are given above.

much reduced from the pure sinking case, which indicates
that turbulence dominates the vertical movement of larvae
in a large part of the water column. Turbulence generated
by the mean flow acts to decrease the mean hitting time,
thus increasing the flux of larvae to the bed compared
with the pure sinking case.

2. For the low flow speed (8 cm s1), turbulence acts to
decrease the mean hitting time over most of the water
column, though not to the same extent as for the faster
flow speed. Close to the bed, turbulence appears to in-
crease the mean hitting time for sufficiently high sinking
velocities.

3. Turbulence causes a greater relative reduction in the mean
hitting times for the low sinking velocity than for the high
sinking velocity. Thus the flux of small, slow-sinking lar-
vae to the bed is likely to be more sensitive to the tur-
bulent flow field than the flux of large, rapidly sinking
larvae.

4. Although in all cases considered, the densest assemblage
results in slightly longer hitting times (t3, is greater than
that for the sparsest assemblages), the effect of clam spac-
ing appears to be very weak. When one considers the
uncertainties in the hitting time estimates, the difference
between the hitting time profiles for the three spacings is
probably not significant.

Anchoring probabilities—Theprobability of successful
anchoring, P,, was calculated using Eq. 8 for two flow
speeds (U, = 8 cm st and U, = 40 cm s7%), three clam
spacings (S = 30.5 mm, S = 43.6 mm, and S = 61.0 mm),
and two clam heights (h = 9 mm and h = 18 mm). We
assumed that the hydrodynamic stresses experienced by a
larva settling on the substrate could be represented by those
measured at z = 1.5 mm above the substrate. The magni-

tudes of the stress events are different at different vertical
locations, but the temporal structure of the stresses would
likely be very similar to those used for the calculations here.
We also assumed that the larva always settled at the location
indicated in Fig. 2. For each experimental condition, records
of the Reynolds shear stress (calculated from velocity re-
cords) were used to calculate P,. In the analysis, the stress
threshold, 7, Is treated as a variable (since the true critical
value is unknown); 7, is varied over a sufficient range to
produce calculated values of P, over the entire range 0 <
P, < 1. In the plots that follow, the stress threshold is non-

dimensionalized as
* Terit S
Tait — (pu i><5> (9)

where pU? is the free-stream dynamic pressure and S/6 is a
length-scale ratio between the clam spacing and the bound-
ary layer thickness. A heuristic argument for this nondimen-
sionalization is given later.

The anchoring probabilities calculated for the adult clam
spacing S = 30.5 mm and height h = 18 mm are plotted
for a range of values of the anchoring time t, in Fig. 8. The
results are presented as a function of the nondimensional
stress threshold, 7%, for consistency with subsequent plots,
although pU2 and S/é are constant within the current plots.

The anchoring probabilities are strongly related to the
magnitude of the stress threshold. Larva that are easily re-
suspended by hydrodynamic stress (small 7%,) have mark-
edly lower anchoring probabilities than those that remain on
the bed in the presence of larger stress events (larger 7%,).
In many cases, a small percentage change in 7%, can produce
a dramatic change in P,. The time required for a larva to
anchor can also have a large impact on the probability of
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(b) h=18 mm

Effect of adult clam spacing on the probability of successful anchoring as a function of
Ta TOr U, = 8 cm s~* and t, = 4 s. The values of

T, are normalized by the mean wall stress 7,,.

Results are shown for two adult clam heights: (a) h = 9 mm, and (b) h = 18 mm. Values of the

adult clam spacing S are shown above.

successful anchoring. For a given value of the stress thresh-
old, a short anchoring time can produce anchoring proba-
bilities near unity, whereas longer anchoring times produce
probabilities that approach zero. It can also be seen that, for
a given stress threshold, as anchoring time becomes smaller,
gains in the success probability diminish (i.e., the curves
become more horizontal), since P, asymptotes to near unity
for the shorter anchoring times. The implication of this find-
ing is that, for a given larval type (i.e., one with a set re-
suspension stress threshold, ), anchoring success is not
appreciably improved when the anchoring times are de-
creased beyond some level.

Of particular note in Fig. 8 is that, although P, is strongly
related to t,, the general behavior of P, as a function of
7=, is consistent for all values of t,. That is, P, = 0 when
7=, = 0, and P, increases smoothly and monotonically as
7%, increases, eventually asymptoting to P, = 1 for suffi-
ciently large values of 7%, This consistent behavior allows
us to simplify the subsequent analysis presented in this paper
and concentrate on a single value of t,, with no loss of gen-
erality. This simplification enables us to easily investigate
the effect of other parameters on P,, using a fixed value of
t,. Different values of t, produce results with different mag-
nitudes but with nearly identical trends.

The effect of the adult spacing on the probability of suc-
cessful anchoring is shown in Figs. 9 and 10, where P, is
plotted as a function of the nondimensional critical stress.
The results in both of these figures are calculated using a
single, illustrative, anchoring time of t, = 4 s, as justified
above. For a given stress threshold, the probability of a suc-
cessful settlement event decreases as the clam spacing de-
creases for all velocities and clam heights. That is, anchoring

success is predicted to be smaller in the dense assemblage
of adults compared to the sparse assemblage. Note that this
is true despite the fact that the mean stresses at the bed are
lower for the denser case than for the sparse case (see, for
example, Fig. 5b). The magnitude and frequency of the large
instantaneous stresses govern P,. The stress threshold in
Figs. 9 and 10 is normalized by the mean (time-averaged)
wall stress 7,, in order to illustrate a related point: large an-
choring success probabilities do not arise unless the thresh-
old stress is many times (sometimes several orders of mag-
nitude) larger than the local mean stress. This is especially
true for the higher U,, = 40 cm s~ results in Fig. 10b, where
P, is essentially zero unless the settling larva are able to
remain on the bed in the presence of stresses that are 75—
100 times greater than the mean stress (for the dense assem-
blage). Note, however, that the 7/7, normalization pre-
cludes a determination of the effect of clam height on P,
since 7, changes when the clam height is changed. This
shortcoming motivated the development of the 7%, normal-
ization introduced earlier (Eq. 9).

We now present an explanation for the 7%, normalization,
which will allow us to present data from all of the adult
clam configurations on a single reduced plot. The predicted
value of P, will be small when there are very few stress
lulls with durations that exceed the value of t,. Conversely,
P, is large when t_ is short relative to typical stress lull
durations. Thus, the value of P, is directly related to the
relative magnitudes of the required anchoring time and the
typical stress lull duration (which is itself a function of the
stress threshold). The distribution of lull durations can be
assumed to be a function of the rapidity of the burst-sweep
cycle, since the large near-wall stresses that delineate the
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Fig. 10. Effect of adult clam spacing on the probability of successful anchoring as a function
of 7, for U, = 40 cm s~* and t, = 4 s. Results are shown for two adult clam heights: (a) h = 9
mm, and (b) h = 18 mm. Values of the adult clam spacing S are shown above.

lulls are dominated by these structures. Thus, a parameteri-
zation of the variations in P, should include a measure of
the frequency content of the burst-sweep cycle. In his ex-
tensive review on turbulence structure, Cantwell (1981) as-
sembles evidence from several sources that suggests that the
mean burst period scales with the free-stream velocity U,
and boundary layer thickness 6. Furthermore, a study by Rao
et al. (1971) suggests that the mean period between bursts,
touse 1S ONly a weak function of the distance from the wall
and can be estimated as

touse = 66/U., (10)

Combining this knowledge with the observed behavior that
P, varies strongly with S (and temporarily ignoring the weak
effect of h, a finding that will be used to test our parame-
terization) allows us to propose the following functional re-
lationship based on dimensional arguments:

T S
pzfﬂ,_
: (pua 5)

Dimensional analysis of the relationship given by Eq. 11
provides information about the nondimensional groups of
presumed-relevant parameters. The dimensional argument
does not specify the form of the functionality. However, we
determined by a trial-and-error approach that the product of
the two parameter groups is an effective means of parame-
terizing the probability P,. This lead to the nondimensional
stress threshold, 7%,, given previously in Eq. 9.

The anchoring success probabilities, when plotted as a
function of 7%, show very similar trajectories for all 12 of
the experimental configurations for the U, = 8 cm s~* and
the U, = 40 cm s flow cases (Fig. 11). The parameter
7%, 15 seen to be a reasonably good nondimensional predictor

11)

of P, for the range of clam spacings and heights tested. The
shapes of the data bands in Fig. 11a,b show the effect of
adult clam spacing on the anchoring probabilities (since 7
increases as S increases). Regardless of the dimensional val-
ue of the critical stress 7%, the anchoring probabilities de-
crease as the spacing decreases. This implies that anchoring
becomes less successful as the density of the adult clam bed
increases. The data support this conclusion regardless of the
value of t, used in the analysis.

The parameter 7%, does not predict the value of P, across
different velocities (which is why the data from the two dif-
ferent flow rates are plotted separately). Also, 7%, is more
successful as a predictor of P, for the U, = 8 cm s~* data
than for the U,, = 40 cm s—* data. We suspect that this may
be due to a larger experimental uncertainty in calculating &
for the higher flow rate case. Finally, the fact that 7%, (which
is independent of the clam height, h) is reasonably successful
at predicting P, at a given velocity justifies our initial as-
sumption that the clam height is not as strong an influence
on the anchoring process as the clam spacing is.

The difference in the shapes (note the different x-axis
scales) of the data bands in Fig. 11a,b results from differ-
ences in the turbulence structure between the U, = 8 cm st
and U. = 40 cm s flow cases; the burst-sweep cycle occurs
at a much more rapid frequency for the higher flow rate.
However, the P, distributions for both flow velocities were
calculated for the same value of t, (based on the assumption
that a clam larva can anchor no more rapidly in a fast-mov-
ing flow than in a slow-moving flow). In order to directly
compare P, distributions associated with two different flow
velocities, it would be necessary to calculate each distribu-
tion with two corresponding different values of t, (scaled
according to the burst-sweep cycle rate), which is not bio-
logically appropriate.
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Discussion

Hydrodynamics—W investigated the effect of hydrody-
namics on two aspects of the settlement process: larval flux
rate to the bed, and the ensuing probability of successful
anchoring. Because the structure of the hydrodynamics
varies with flow rate and the nature of the bed roughness,
the results were calculated with data from two different flow
rates, three adult clam spacings, and two adult clam heights.

Larval fluxes to the bed (as represented by the inverse of
mean hitting times) were much larger for the higher Reyn-
olds number (U, = 40 cm s-%) flow than for the low Reyn-
olds number (U.. = 8 cm s7%) flow, which suggests that, in
general, turbulence is important in determining the flux of
larvae to the bed. For a given sinking velocity and flow
speed there is not a significant difference between the mean
hitting time profiles for different clam spacings. This, in turn,
suggests that, for the roughness scales tested here, there were
no major differences in the fluxes of larvae hitting the bed
for different spacings of adult clams. This finding differs
from the results of Eckman (1990) who, based on predictions
of bed contact from a one-dimensional model, showed that
flux of larvae to the bed should increase with the density of
roughness elements on the bed. Our results show that (1) the
adult clam spacing strongly affects the anchoring success
probability (given contact with the bed) and (2) the varia-
tions in this anchoring probability have a larger impact on
the overall settlement success than the probability of con-
tacting the bed.

It has been suggested that turbulence, and specifically the
short time-scale burst and sweep cycles, is important in the
process of larval settlement in several conceptual models
(see reviews by Denny and Shibata 1989 and Abelson and
Denny 1997) and in at least three numerical modeling stud-

ies (Eckman 1990; Gross et al. 1992; Eckman et al. 1994).
In addition, in their laboratory study with cyprid larvae, Eck-
man et al. (1990) found that larval detachment, following
successful settlement, was more closely tied to the instan-
taneous drag forces than to the maximum drag forces exerted
on the larvae and that detachment was not strongly related
to the mean force exerted. They conclude that this *““pattern
would have emerged if detachments of cyprids were linked
to large amplitude, intermittent bursts of high shear.”” It is
consistent with these conceptual models, and Eckman et al.’s
laboratory study, that the anchoring probability analysis in
our study is a reflection of the structure of the instantaneous
hydrodynamic stresses that act to disrupt the anchoring pro-
cess. Although the Reynolds shear stress, as measured here,
is just one of many different instantaneous hydrodynamic
forces acting on a larva, all of the forces depend on the local
turbulence structure. Since the Reynolds stress measure-
ments capture the structure of the episodic burst-sweep cycle
that dominates the near-bed hydrodynamics, the Reynolds
stress is an excellent predictor for the structure of the sum
total of the hydrodynamic forces. Results of the present
study also confirmed findings reported by Eckman et al.
(1990) that mean stresses did not accurately predict suc-
cessful larval settlement.

The overall effect of hydrodynamics on the settling pro-
cess can be determined by combining the larval flux results
with the anchoring probability results. The rate at which lar-
vae successfully anchor to the bed can be calculated as the
product of the larval flux to the bed and the associated an-
choring probability. Eckman (1990) states that if researchers
could measure the rate of larval settlement (his variable p)
for conditions that incorporate larval behavior and physical
transport, his model could be used to predict larval settle-
ment. We suggest here that his larval settlement rate can be
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defined as equivalent to our probability P, and that once 7
and t, are known for a larva then the anchoring analysis
shown in this study can be used to estimate P, and ulti-
mately to predict larval settlement with his model. The prob-
ability from our anchoring analysis can then be compared to
what is measured in the laboratory, and the effect of behav-
ior can then be estimated. Laboratory studies could also ex-
amine behavioral issues related to settling, such as rejection
of a site due to chemical cues, that can be controlled in the
laboratory. From these experiments, the probability of an-
choring given a range of physical stresses can be measured
and compared to our results independent of at least some
effects of behavior.

Biological implications: how this study fits into present
paradigms—Iinis review paper on how to link larval ecol-
ogy to population dynamics, Eckman (1996) states that if we
can model larval dispersal at a large scale, the final step that
is required to close the larval loop is the ability to predict
the probability of larvae successfully anchoring to the sub-
stratum and staying there. We have developed a predictive
relationship for the first component needed for this predic-
tion.

We do not solve the question of larval recruitment being
a passive or active process in this study, rather we identify
the period of time when behavior can affect the settlement
process: as long as the larval swimming speed is less than
the vertical transport rate, the only period when larval be-
havior can affect settling is during a lull period. Because
larvae are unlikely to be able to swim against either the
currents or turbulence in a natural tidal system, except during
some slack tides, the process of being transported to the bed
is likely to be passive most of the time. If there is insufficient
time between the turbulent resuspension events (i.e., during
the lull periods), a larva is likely to be resuspended in a
manner similar to a passive particle. However, if the lull
duration is sufficient for the larva to react, behavior can in-
fluence the probability of settlement. Larval behavior in
these cases can include either an attachment to the bed or
the lack of an effort by the larva to attach to, or burrow into
the bed due to an unfavorable chemical, tactile, or hydro-
dynamic cue in the water column or at the bed. This scenario
of larval settlement supports the findings of Abelson et al.
(1994) and Butman and Grassle (1992) and the suggestion
by Abelson and Denny (1997) that if the larvae are unable
to swim against the prevailing hydrodynamic forces, settling
in areas other than those predicted from the distribution of
initial substrate contacts of the larvae is due to “desertion
of unfavorable sites rather than to exploration and active
selection of an appropriate site.” Conclusions from this
study thus support the suggestions of Abelson and Denny
(1997) and others (Butman 1987) that active habitat selec-
tion and passive deposition are not competing hypotheses of
larval recruitment but are complementary processes.

The two key factors found in this study that determine
whether a larva can settle once it contacts the bed are: (1)
the time that it takes the larva to either attach or burrow, in
comparison to the duration of the lull period and (2) the
shear stress required to resuspend a larva that is in contact
with the bed compared to the instantaneous shear stresses.

Crimaldi et al.

One conclusion from these findings could be that most lar-
vae will settle during relatively calm and low-velocity pe-
riods, when instantaneous shear stresses are smallest and lull
periods are longest. Two other modeling studies (Gross et
al. 1992; Eckman et al. 1994) predicted that the majority of
settlement would occur during relatively low velocity peri-
ods. As suggested by Gross et al., this hypothesis has some
appeal because it could be used to explain some recruitment
patchiness that is prevalent in the benthic community. The
effect of such low velocity, low turbulence periods on set-
tlement cues needs to be considered before we conclude that
settlement periods are limited to times of low velocity and
turbulence. Once the larvae are at the bed, settlement cues
that may induce behavior resulting in settlement have been
hypothesized by Abelson and Denny (1997) to include flow
characteristics and other factors that are mediated by flow
characteristics (e.g., delivery of chemical attractants and sus-
pended sediment). Most flow characteristics that are relevant
to settling larvae, including flow direction, shear stress, pres-
sure gradient, turbulence intensity, boundary-layer or vis-
cous sublayer thickness, and acceleration (Abelson and Den-
ny 1997) would be changed by reduced velocities and calm
conditions. Thus, if the larvae are using these flow charac-
teristics as cues, they are responding to a reduced range in
values that may not represent the critical characteristics of
the locality and as suggested by Eckman et al. (1994), such
misrepresentations may reduce a larva’s ability to success-
fully locate a suitable settlement site. It is of course possible
that the larvae may attach or burrow and then use these cues
at another time to determine the suitability of the location,
but such repeated settlement tries would require a competent
larva to settle during an unknown number of tidal cycles.
However, lower velocity may also aid in the ability of a larva
to detect other factors that are mediated by flow, such as the
delivery of chemical attractants. With settlement cues that
are dependent on transport, reduced turbulence would result
in a stronger, less dispersed signal than would be delivered
during periods of higher turbulence, which could result in a
more successful selection of settlement site.

Data that would be needed to support the hypothesis of
larval settlement in low velocity periods are limited. Labo-
ratory studies of settlement in epifaunal organisms have
shown that these larvae can settle in high velocities (Abelson
et al. 1994) and over a wide range in velocities (Eckman et
al. 1990; Mullineaux and Butman 1991; Pawlik and Butman
1993). These organisms all have adhesive appendages or fil-
aments so they may represent a specific group of organisms
adapted for settling at high velocities. There have been fewer
studies of larval settlement with varying velocities in the
infaunal community, but work by Grassle et al. (1992)
showed Capitella sp. | larvae settled at a higher rate in flume
experiments with flows of 15 cm s=* than at 5 cm s=*. Fur-
ther laboratory studies will be needed to determine whether
organisms preferentially settle at low-flow, low-turbulence
conditions, or whether short anchoring times and high stress
thresholds are adaptations that allow some, if not all, species
to settle during hydrodynamic conditions that are represen-
tative of the range of conditions found in locales where adult
populations are found.

It should be noted that in this study we considered only
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the sinking behavior of a larva down to the height of the
top of the clamshells. Below this height, larval motion is
likely to be dominated by the flow effects of individual
clamshells and possibly by the active swimming of the lar-
vae. Larvae have been observed swimming in the near-bed
region during laboratory experiments (Jonsson et al. 1991;
Butman and Grassle 1992; Grassle et al. 1992; Snelgrove et
al. 1993). Based on our experimental results, these periods
of swimming could have occurred during the turbulence lulls
but not during bursts and sweeps, unless the larva was at-
tached by some tethering structure (Eckman et al. 1990). It
is also possible that on a hydraulically smooth bed, the lar-
vae are confined to the viscous sublayer (VSL) very close
the bed and, as reported by Jonsson et al. (1991), are able
to swim within this layer; in the VSL, velocity fluctuations
are likely to be small enough that active swimming can be-
come more effective. For hydraulically rough flows, it is
likely that the process of getting to the bed is largely deter-
mined by local hydrodynamic processes until the larva is
influenced by flow around a bottom feature (e.g., recircula-
tion zones). The effects of protruding bodies from the sed-
iment and depressions in the sediment have been well de-
scribed in several papers (see Abelson and Denny 1997 for
a recent review) and such a review will not be repeated here.
The relevance of flows, within and over bottom features, to
the results of this study is that recirculation reduces the im-
pact of turbulence on larvae entrained in a recirculation cell
and allows the larvae to settle at reattachment locations (for
example, see Mullineaux and Butman 1990 and Snelgrove
et al. 1993 among others).

Although previous studies have shown that hydrodynam-
ics can facilitate aggregation of organisms around solitary
tubes and solitary individuals due to entrainment of larvae
in recirculation cells and horseshoe vortices (Eckman 1979,
1983; Gallagher et al. 1983; Eckman 1985; Ertman and Ju-
mars 1988), the results of the present study might be viewed
as contradicting these observations. Our results show (for
the range of adult clam spacing, S, tested) that the probability
of successful settlement is at a maximum when the fewest
adults are present, and that the settlement probability con-
tinually decreases as the adult bed density increases. How-
ever, it should be noted that we measured stress at a single
location within the clam bed (see Fig. 2), and it is certain
that the value of P, varies as the location with respect to the
nearest adult clam is varied. In fact, we consistently ob-
served aggregation of small particulates in the wake struc-
ture of individual clams. Nonetheless, this study has shown
how and why aggregation may be limited when higher or-
ganism densities are seen. As a clam bed becomes more
heavily populated by adult clams (thus decreasing the mean
clam spacing, S), the “net larval settlement flux’ (the prod-
uct of the larval flux to the bed and the probability of an-
choring success) decreases due to changes in the structure
of the turbulent stress. Thus, the hydrodynamic processes
impose a type of negative feedback into the clam bed pop-
ulation dynamics: as the bed density increases, the likelihood
of receiving more larvae starts to diminish. Consistent with
our findings, Olafsson et al. (1994), in a review of the studies
on adult-larval interactions, conclude that in general, adult
organisms inhibit larval recruitment. It is not clear, however,
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how much of the inhibition occurs at the settlement or post-
settlement stage of recruitment. If our proposed negative
feedback occurs, it is probable that the near-bed hydrody-
namic processes play an important role in population patch-
iness and the presence of some age structure within patches
of benthic bivalves.

We cannot extend our conclusions into very dense beds
of adult bivalves because optical access to the settlement site
for the LDA measurements limited our ability to reduce the
clam spacing in our study below a certain distance. In an
extremely dense bed, turbulence might not consistently in-
trude into the very small settlement sites, thereby reducing
the magnitude (Gambi et al. 1990) and frequency of the re-
suspension stresses. However, this same reduction in turbu-
lent activity may decrease the rate at which larvae are trans-
ported to the bed, making the net effect unclear. Studies such
as those by Eckman (1987), where bivalve settlement de-
creased with increasing grass density, and Bologna and Heck
(2000), where bivalve recruitment was greater at the edge of
seagrass patches than in the middle, may suggest that de-
creased flux of larvae to the bed is more important than
reduced resuspension in very dense aggregations. However,
it is unclear how much of the larval settlement at the edge
of the patches in the later study was due to bedload transport,
which might have resulted in similar distribution patterns.

There are ecological advantages for aggregation in benthic
infaunal and epifaunal communities, such as increased re-
productive success, reduced predation pressure on the indi-
vidual, increased sediment stability and thus decreased dis-
turbance, decreased erosion with support from neighboring
individuals, and feedback to juveniles indicating successful
habitats. Therefore it should not be assumed that species
with the capability of delaying metamorphosis (Butman and
Grassle 1992; Snelgrove et al. 1993) and being selective of
habitat do not eventually succeed in settling into dense beds
despite unfavorable hydrodynamic conditions. Certainly
postrecruitment migration and bed-load transport can be ef-
fective in populating dense beds (Minchinton 1997; Under-
wood and Keough 2001; Norkko et al. 2001). However,
competition for resources (food and space) can become lim-
iting in dense assemblages and the disadvantages inherent in
aggregation can outweigh the advantages for some species.
These disadvantages can be reduced by individual behavior
(e.g., Potamocorbula’s vertical movement at the sediment—
water interface, J.K. Thompson unpubl. data) and the phys-
ical structure of the community, such as epifaunal reefs and
hummocks, which can increase turbulence and therefore in-
crease food to aggregated organisms (Frechette et al. 1989;
Bertness et al. 1998; Thomason et al. 1998). Therefore, the
degree of aggregation for a population may reflect species
specific characteristics such as the time period needed to
attach to the substrate, the size (centroid location) of the
larvae, the ability of a larva to test the substrate and delay
metamorphosis, the hardiness of the larvae when moved
with bedload material, and larval availability.
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