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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
PA probability of successful anchoring
S spacing between adult clams
thit mean time before a larva makes contact with the bed

(mean hitting time)
t∗hit nondimensional mean hitting time
tr time remaining in the stress lull after touchdown
ta time required for the larva to anchor
ũ instantaneous horizontal velocity, ũ 5 U 1 u
U time-averaged horizontal velocity
U` time-averaged horizontal freestream velocity
u fluctuating portion of the horizontal velocity component
u9 root-mean-square horizontal velocity, u9 5 Ïu2

ut shear velocity
uw velocity correlation in the vertical plane; Reynolds stress

5 ruw
w fluctuating portion of the vertical velocity component
w9 root-mean-square vertical velocity, w9 5 Ïw2

ws larval sinking velocity
z vertical coordinate, measured upward from the bed
z1 nondimensional vertical coordinate in wall units, z1 5

zut/v
d boundary layer thickness
e dissipation rate
F flux of larvae contacting the bed
r fluid density
t instantaneous stress
t time-averaged stress

wt time-averaged stress at the bed
tcrit critical stress
t∗crit nondimensional critical stress
m dynamic fluid viscosity

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—Larval 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, , is given byt̄

]U
t̄ 5 m 2 r(uw) (1)

]z

where m is the fluid dynamic viscosity, U is the average
velocity, and is the correlation between the horizontaluw
and vertical fluctuating velocity components. The first term
in Eq. 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.

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—A settling 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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defined as equivalent to our probability PA and that once tcrit

and ta are known for a larva then the anchoring analysis
shown in this study can be used to estimate PA 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—In his 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.

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. I larvae settled at a higher rate in flume
experiments with flows of 15 cm s21 than at 5 cm s21. 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 PA 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,

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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