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Effects of bivalve siphonal currents on the settlement of inert
particles and larvae

by Stephen C. Ertman' and Peter A. Jumarsz

ABSTRACT

Dye studies in a flume revealed that the strong exhalent siphonal current of an individual
cockle, Clinocardium nuttallii, behaved much like a cylinder held in the flow, shedding vortices
downstream . The inhalent flow was much slower and more diffuse, its effects being limited to the
lowermost few centimeters above the bottom . Flume experiments with inert particles having
settling velocities similar to those of polychaete larvae revealed that the vortex shedding from the
excurrent jet led to variability in deposition of the particles a few centimeters downstream of the
jet, and that neither the jet nor the incurrent flow substantially changed the mean number of
particles depositing per unit area of bed . Field observations within a few days after settlement of
Hobsonia florida, an ampharetid polychaete, using ecologically similar but nonplanktonically
recruiting oligochaetes as an internal control, showed similarly enhanced variability in recruit-
ment within a few centimeters of the siphon of resident Mya arenaria (soft-shelled clam) . We
could find no evidence that isolated clams impede settlement in their immediate surroundings
and found, instead, some indication of local settlement being enhanced by the flow convergence
toward the incurrent siphon . We thus suggest that any negative influence of suspension-feeding
bivalves upon settlement is a larger-scale phenomenon caused by depletion of recruits through
the integrated filtering activities of individuals upstream of the settlement site . Hence
manipulation of bivalve density in small plots may not be very informative regarding influences
upon larval settlement .

1. Introduction

Dense beds of infaunal suspension-feeding bivalves have been suggested to prevent
the settlement of planktonic larvae via inhalation and ingestion or entanglement in

pseudofeces (reviewed by Woodin, 1976) . A quantitative definition of "dense" has
never been provided, however, and in some exceedingly dense, manipulated aggrega-

tions of bivalves (e.g . Williams, 1980) settlement was still quite successful, albeit

somewhat reduced over controls . Similarly, although larvae are ingested by many tube
builders (Gallagher, 1983), abundances of recruits are often enhanced by their

presence (Gallagher et al., 1983) . This paradox may be explained by a fluid-dynamic
enhancement of recruitment rate (Eckman, 1983 ; Gallagher et al., 1983) that exceeds

the mortality rate due to ingestion . Observation of this phenomenon with tube builders
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led us to question what the effects of isolated bivalves might be on recruitment .
Additionally, we originally thought that quantifying the region of influence of isolated
siphonal currents could provide one objective definition of a dense assemblage ; i .e., one
in which such regions of influence overlap.

Based on our experience with tube builders and an increasing appreciation for the
role of even very small-scale water motions on larval settlement (Butman, 1986), we
conjectured that the effects of isolated bivalves might actually be the reverse of those
postulated for dense assemblages . Namely, convergence of flow toward an incurrent
siphon would draw a greater flux of particles, including larvae, past the surrounding
area of bed than would otherwise pass over the same patch of bottom in the slowly
moving fluid of the bottom-most part of the benthic boundary layer . Depending on the
geometries and velocities of the siphonal currents and the local flow conditions, it was
also conceivable that filtering of larvae from the water would reduce recruits in some
small, proximal region just downstream of the incurrent siphon . Yet a third possibility
was that the siphonal effect was so weak or broadly acting as to have no detectable
influence on local settlement. Without data, one could argue any of these points of
view .

We thus set out to test three alternative hypotheses concerning the effects of isolated
bivalves on local recruitment : settlement increases, decreases, or is unchanged with
increasing proximity to an incurrent siphon .

2 . Methods and materials
a . Rationale . Experiments were organized into three distinct phases : a flow visualiza-
tion study to identify and describe the pattern and spatial extent of siphonal currents
under the controlled flow conditions of a laboratory flume, a second flume study of
siphonal effects on the settlement of inert particles, and a study of field samples taken
around an infaunal, suspension-feeding bivalve and analyzed for the abundance of
newly-settled polychaete larvae . Both flume studies were conducted with a cockle,
Clinocardium nuttallii. Cockles have been implicated in effects on settling larvae
(Kristensen, 1957 ; Hancock, 1970; Woodin, 1976), and their shallow and rapid
reburrowing and comparative insensitivity to light and mechanical stimuli of the
laboratory environment make them convenient experimental animals . For several
reasons, we selected a different bivalve for the field component of this work . Because of
the subtleness of the effects revealed by the laboratory studies, we needed a field site in
which topography was not complex (i .e ., not extensively rippled) on 1-10 cm scales .
Furthermore, we needed the locations of siphon openings to be apparent and to remain
in one place . Clinocardium nuttallii and its habitats near Seattle or Friday Harbor,
Washington, failed to meet these criteria . We, instead, selected Mya arenaria, the
soft-shelled clam, at Skagit Flats (between the mouths of the north and south forks of
the Skagit River), Washington . Additionally, we selected this site because we could
predict the availability of the larvae of Hobsonia forida and could thus sample within
days of settlement .
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Skagit Flats offer a relatively simple and well known benthic community for
investigation. The bed consists of a dense mat of tube-building infauna interspersed
with large numbers of the infaunal, suspension-feeding bivalve Mya arenaria. Because
of its wide expanse and extremely low slope [of order 10' (Eckman, 1979)], the study
area allows us to approximate the equations of tidal fluid transport as being uniform
(d/dt = 0) and one-dimensional (d/dx = d/dy = 0), conditions that can be ade-
quately modeled in a simple flume .

Hobsonia Jlorida is a tube-brooding ampharetid polychaete. Hobsonia larvae are
released from the top of the tube at about the three-setiger stage (Zottoli, 1974) and
are briefly planktonic. Their recruitment at Skagit begins in late April or early May
(Smith, 1980; Eckman, 1983 ; Gallagher et al., 1983) and in fields of artificial tubes is
consistent with predictions based entirely on passive transport and deposition (Eck-
man, 1983) . An investigation of their distribution around the siphon openings of Mya
could thus be expected to provide field evidence of the fluid-dynamic influence of
siphonal currents on larval recruitment .

Of the other taxa common to Skagit Flats, the oligochaetes are useful in an a priori

comparison to Hobsonia. Two of the three species present comprise roughly 90% of the
oligochaete population (Gallagher, 1983) . These two naidid oligochaetes (Paranais

littoralis and Amphichaeta sp .) reproduce by asexual fission within the sediment .
Their recruitment, concurrent with that of Hobsonia but primarily through the
sediment rather than through the water column (based on observations in laboratory
aquaria), does not conform to predictions of passive transport and deposition (Eckman,
1983) . Successional studies on Skagit Flat have further demonstrated that juveniles of
Hobsonia are strong competitors with oligochaetes (having Lotka-Volterra competi-
tion coefficients nearly equal to one), apparently for diatoms (Gallagher, 1983) . Since,
by virtue of their life cycle, oligochaete juveniles are insulated from processes
occurring beyond the sediment-water interface, we selected oligochaete distribution to
help separate resource effects from effects of passive larval settlement . Although
Eckman (1983) has already demonstrated the apparently passive deposition of
Hobsonia larvae around animal-tube mimics, we recognize that a result in which the
distribution of Hobsonia is fluid-dynamically consistent with the results of flow
visualization and passive settlement of inert particles, but is also indistinguishable from
the distribution of the oligochaetes, would not resolve the issue of passive settlement
versus behavioral selection around infaunal, suspension-feeding bivalves . Eckman
(1985) has demonstrated that flow perturbations near the bed may influence bacterial
colonization, and similar effects are likely with diatoms . Chemical gradients associated
with the bivalve may also affect microbial populations (Aller and Yingst, 1985) . The
oligochaetes, then, provide a convenient (if not perfect) internal control for the case
where Hobsonia larval distribution is influenced by the availability of this shared
resource .

b. Flume studies . The flume studies were conducted in the 2 .5-m by 50-cm recirculat-
ing flume described by Nowell et al . (1981) . A more detailed description of a flume
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based on this design is given by Muschenheim et al. (1986) . The leading edge of the
25-cm by 25-cm working area is located 1 .75 m downstream of the flume entrance .
Work was confined to within 8 cm of the flume midline because preliminary analysis of
inert particle deposition indicated that induced secondary circulation from the sidewall
boundary layer can have a significant effect over the remainder of the bed when
dealing with particles of very low settling velocities . Clinocardium were collected
subtidally from False Bay, San Juan Island, Washington .

A thin (approx . 4-6 mm) bed of sieved (1-mm mesh), defaunated marine sand taken
from False Bay was deposited in the flume and was used to fill the deeper (25 cm)
sediment box. The sediment was defaunated by having been collected and air dried for
several months . Seawater was allowed to wash over the bed for 30 min to 1 h prior to
introduction of a cockle. There was no indication that using defaunated sediment
adversely affected the bivalves . When placed on the bed, cockles burrowed in readily .
After burrowing, the bed was smoothed . All flume observations were taken under
conditions of steady imposed flow in the flume and continuous pumping by the
cockles .

c. Laboratory flow visualization . Flow visualization studies were begun in June 1985 .
A neutrally buoyant dye was injected into the flow through the tapered tip of a 2-mm
diameter, glass probe. The effect of the probe on the ambient flow was minimal, as
observed by watching the dye streak in its wake . Dye was injected into the flow 5 cm
upstream of the bivalve at 1-cm vertical intervals from directly on the bed to 4 cm
above the bed and at 1-cm horizontal intervals from 0 to 4 cm (in both directions) from
a midline passing over the center of the fused siphons of the cockle. (The probe tip thus
occupied 45 separate "stations.") Two video cameras were positioned so as to record
the horizontal and vertical deviations of the dye streak, and velocity profiles were
calculated by analyzing particle trajectories recorded on videotape . One video camera
was focused through the side of the flume on a segment of metric ruler placed just
behind the midline of the flume and just forward of the cockle, the edge of the ruler
being placed into the flow . The ruler consisted of both a vertical segment and a
horizontal segment . A slurry of very fine, oxic marine sediment was released by
micropipette into the flow at the head of the flume, and the cockle was induced to cease
ventilating by brief teasing with a wooden applicator . The pipette itself was not
inserted into the flow . Neutrally buoyant particles were carried into the field of view,
and a short segment (approx . 5 min) of videotape was then recorded . The ruler was
removed, and the cockle was allowed to acclimate in the flume until its siphons were
fully dilated and ventilation appeared normal. These bivalves appear to ventilate
continuously if left undisturbed .

Instantaneous downstream velocities were calculated from the particle trajectories
recorded on videotape, and the velocity measurements were plotted on a scatter
diagram of velocity versus the natural log of the height of the measurement above the
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bed, velocity being the dependent variable . A regression line can be drawn through
these points using the equation for the "law of the wall" :

U(z) = u,/k In (z/z,),

where U(z) = mean downstream velocity at height z above bottom (cm s - ')
k = von Karman's constant (=0 .41),
zo = roughness height (cm), and
u, = boundary shear velocity (cm s- ') .

The maximum turbulent boundary layer that theoretically could develop over the
segments of metric ruler was on the order of 5 mm, and was deemed to have an
insignificant effect on particle trajectories . This lack of influence was confirmed in the
video data. Parallax presents a potentially more serious problem with regard to the
apparent velocities of particles at different distances within the depth of field of the
camera. Sufficient numbers of trajectories were analyzed so as to provide an adequate
estimate of the velocity profile of each run (r2 > 0.75) .

The quantity u, is a convenient construct for describing the average boundary shear
stress of the flow : u, = (To/p)'"2, where r o = boundary shear stress (g cm-' s_2) and p =
fluid density (g cm -'). From u„ we calculated the roughness Reynolds number of the
flow :

Re, = u, k,/v,

where k, = bed roughness scale (=150 gm ; mean grain diameter of False Bay sand) ;
v = kinematic viscosity of seawater .

The roughness Reynolds number is used to characterize turbulent boundary layer flow
over a flat, granular bed (Nikuradse, 1933), being hydraulically smooth turbulent at
Re, < 3 .5, fully rough turbulent at Re, > 100, and transitional at 3.5 < Re„ < 100 . All
of our experimental boundary layers are characterized as smooth turbulent .

While u, is the pertinent parameter for describing processes that influence particle
settling near the bed, we also provide the value of the free-stream velocity (U), herein
defined as the velocity just above the calculated thickness of the turbulent boundary
layer, so that the flow may be considered in its tidally driven environmental context .

The above procedure was repeated for the three cardinal orientations of the cockle :
incurrent siphon upstream, incurrent siphon downstream, and siphonal axis perpendic-
ular to the flow . Observations were made for two velocities (U = 16 cm s - ', u, =
0.79 cm s- ' and U, = 2.8 em s', u, = 0 .16 cm s - ') . We focussed on the low velocity
end of natural flows because there the effects of siphonal flow relative to those of the
ambient flow should be greatest . These velocities are in agreement with known current
velocities at Skagit Flat . Tidal inflow at the study site begins as a thin "sheet" of water
a few centimeters thick approaching at speeds of 10-30 cm s- ' (Eckman, 1979) .
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d. Passive deposition . We tested the influence of an infaunal, suspension-feeding
bivalve (C. nuttallii) on the passive deposition of polystyrene spheres (210 < D <
350 µm; = 1 .06 g cm -') in the flume . Sphere diameters were selected such that their
Stokes settling velocities (0.079 < W, < 0 .220 cm s- ', µ = 1.07 x 10 -2 g cm-' s - ')
included nearly the full range of narcotized spionid larvae settling velocities deter-
mined by Hannan (1984). We were unsuccessful in obtaining larvae or newly-settled
juveniles of Hobsonia free of sedimentary gut contents for direct measurement of their
settling velocity .

Polystyrene spheres were injected into the flow 1 .6 m upstream of the test area by a
micropipette inserted to a depth of 4-6 cm . The pipette was drawn slowly across the
entire width of the flume to create a line of injected spheres . Spheres were redistributed
throughout the water column by turbulence in the head region of the flume. Most of
the spheres were washed from the flume before they could settle to the bed . Repeated
injections were performed until it was likely, based on pretests, that enough spheres
had settled in the test area to meet the acceptance criterion described below . Repeated
small injections also minimized the possibility of a pattern of deposition determined by
injection geometry .

Samples were taken with a 6-mm diameter plastic drinking straw at 4 logarithmi-
cally increasing radial distances (2 .0, 3.2, 5 .0, 7.9 cm) from the center of the
Clinocardium siphon . The straw was inserted to a depth of 1 .0 cm, and it consistently
removed a 0.5-cm long plug of sediment . For purposes of sampling, the region around
the cockle was considered as comprising 4 quadrants, the quadrant axes running with
and perpendicular to the flow (Fig . 1). Four samples were taken within each quadrant
along separate random bearings (5° increments) . Thus, 16 random samples were taken
around each cockle per run . The samples were ejected into small vials for counting
under a dissecting microscope (6-12x) . After a run, the entire sediment bed was
removed from the flume, and the flume was rinsed repeatedly with seawater to remove
all spheres . Thirteen runs were completed before the supply of spheres was exhausted .
Free-stream flow velocities ranged from 3 .3 to 16 cm s - ' (u, = 0.19 to 0 .78 cm s - ') .

Because of the method of particle injection, there was some concern that a given
sample might not contain a polystyrene sphere simply because enough spheres had not
been injected and allowed to settle in the test area . An acceptance criterion was
established after the second run, such that at least half of the 16 samples collected from
a given run must contain at least 1 sphere for the run to be considered satisfactory .
Runs 2, 8, and 9 were discarded based on this criterion .

e. Field sampling. Prior to sampling, dye observations were used to investigate the
qualitative similarity of siphonal circulation in Mya and Clinocardium . In order to
avoid the confounding influence of multiple siphonal currents, isolated Mya (those
separated by at least 30 cm from their nearest neighbor) were chosen for sampling .
Because of the high density of this bivalve at Skagit, considerable search time was
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Figure 1 . Orientation of sample quadrants to direction of ambient flow around C . nuttallii in a
flume .

spent in locating acceptable animals . Field samples were taken with a 6-mm diameter
plastic drinking straw at 5 logarithmically increasing radial distances (1 .8, 3 .3, 6 .0,
11 .0, 20 .0 cm) from the center of a Mya siphon opening . Samples were taken along
separate random bearings (5° increments) oriented by magnetic north . The straw was
inserted to a depth of 1 .5 cm and consistently removed a 1-cm long plug of sediment .
The sediment plug was ejected into a small vial and was fixed in the field with a 10%
formaldehyde solution buffered with sodium borate and containing Rose Bengal
stain .

The samples were processed with a technique developed by Feller (1977) . A sample
was placed in a 250-m1 beaker, and the sediment was suspended with a jet of water .
The suspension was allowed to settle for 3-4 s, and the supernatant was decanted
through a 63-µm mesh . This procedure was repeated 4 times . The remaining sediment
was then sieved through a 125-µm mesh . All material retained on both sieves was
sorted under a dissecting microscope (6-25x) . The efficiency of this method was
estimated by examining the material passing through the 125-µm mesh for one
randomly preselected sample out of every ten counted . The processing method resulted
in 100% retention of both target taxa (Hobsonia juveniles and oligochaete buds) .

Field sampling began on the last day of March, 1986, and continued sporadically
through mid-July, as weather permitted . Asexual oligochaete buds were present from
the first day of sampling, but Hobsonia larvae were not discovered until a sample taken
on April 26th . Based on previous records of the onset of larval availability, samples
were being taken nearly every other day during this period . The early and frequent
sampling ensured that we would catch Hobsonia just after settlement. All Hobsonia
juveniles were less than 7 setigers long, and most appeared to be newly settled, 3- to
4-setiger recruits . Even at the 3-setiger stage, post-settlement motility is probably
limited since tube construction has already begun. Seventy-five samples taken from 15
Mya were counted and analyzed .
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Figure 2. Schematic representation of mean flow about the fused siphons of a ventilating
C. nuttallii, as indicated by dye-injection studies. Half the (symmetric) flow pattern is hidden
by the (opaque) vertical plane, except for an indication of spiraling upward entrainment about
the exhalent jet . (Dye trace spacing m I cm) .

3. Results
a. Flow visualization. The flow field around the siphonal currents of Clinocardium
(Fig . 2) was similar at both flow velocities . We have chosen to illustrate the orientation
with the incurrent siphon downstream because it demonstrates best the strong
separation of influence between excurrent jet and incurrent sink . The siphons of
neither M. arenaria nor C. nuttallii protrude appreciably from the bed ; the observed
perturbations in the flow field are due to the fluid-dynamic effects of the siphonal
currents.

High flow velocities were produced by the excurrent jet . At a flume free-stream
velocity of 2 .8 cm s' (u, = 0.16 cm s') an upwelling from the excurrent jet could be
observed at the free surface, 13 cm above the bed . Using a hot-film anemometer, Price
and Schiebe (1978) measured excurrent siphon exit velocities of 11-14 cm s- ' for the
freshwater clam Anodonta . We estimate the excurrent exit velocity of one of our
Clinocardium as 9-11 cm s', based on the angle of deflection of the excurrent jet 3 cm
above the bottom in a flow with a known velocity profile. Because of the strong velocity
difference between the excurrent jet and the boundary layer flow, the jet acts very
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much like a solid object in the near-bed region of importance to larvae settling around
the bivalve. The dye streaks generally diverged around the jet, although at low flow
velocities fluid entrainment caused a curious spiralling of those dye streaks passing
close enough to get caught in the low-pressure boundary layer around the jet itself . The
patterns of flow around the excurrent jet are strongly reminiscent of patterns described
by Eckman and Nowell (1984) for flow around animal-tube mimics . Thus, we would
expect the jet wake to demonstrate roughly the same patterns of boundary shear stress
as those that occur around a solid cylinder . The strong lateral shear due to the
"horseshoe vortex" will be absent, however, since the ambient flow deflects the
siphonal jet and is not directed toward the bed as in the case of a rigid cylinder . An
important unsteady component will be superimposed on the downstream flow by
periodic shedding of vortices from the excurrent jet .

At a low free-stream velocity of 2 .8 cm s - ' (u, = 0.16 cm s - '), the incurrent siphon
entrained fluid close to the bed up to 3-4 cm laterally, but its vertical influence
extended only 1-2 cm . With increasing height the lateral influence was sharply
reduced. At the higher free-stream velocity of 16 cm s' (u, = 0.79 cm s- '), the lateral
and vertical influences of the incurrent siphon both extended no further than about
1 cm. These observations were consistent for all 3 orientations of the cockle ; thus the
inhalant siphon appears constrained to draw in relatively slow-moving fluid near the
bed .

We have drawn the region of recirculation downstream of the cockle with dotted
lines because we are unable to accurately describe a mean pattern of flow. Conserva-
tion of mass requires that recirculation exists, but the weak and fluctuating recircula-
tory flow interacts with diffuse exchange along the edges of the region . Vortices shed
episodically from the siphon jet repeatedly entered this region from higher in the water
column and reached the bed. Thus, patterns of flow in this region are variable and
temporally complex, with the strongest flows produced by shed vortices . We have,
however, observed particles close to the bed enter this region and move several
millimeters upstream before depositing .

b. Passive deposition . In general, polystyrene spheres were drawn into the bivalve with
no observable effect on its behavior . Those spheres vented by the excurrent jet were
carried up into the water column and out of the region of study . For the sake of
comparing polystyrene spheres with larvae, those spheres that were removed from the
region of study by the excurrent jet may be considered mortalities . Although
planktonic larvae have been reported to pass alive through the mantle cavities and even
digestive tracts of some adult bivalves, subsequent mortality is very high due to
entrapment in mucus of the adults (see Mileikovsky, 1974, for review) .

Figure 3 is a graph of raw abundance for the deposition of polystyrene spheres
plotted against radial distance from the C . nuttallii siphon . The data are presented as
paired graphs, illustrating upstream data (quadrants I and II) and downstream data
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Quadrants I & 11

In [Distance From Siphon] (cm)

Quadrants III & IV

In [Distance From Siphon] (cm)

Figure 3. Abundance of polystyrene spheres versus radial distance from C. nuttallii, showing
upstream data (quadrants I & II) and downstream data (quadrants III & IV) separately . Two
outliers are not plotted (quadrant 11-abundance equals 19 at 2 .0 cm; quadrant III-
abundance equals 32 at 5 .0 cm) .

(quadrants III and IV) separately . Two outliers (out of 160 data points) lie beyond the
range of these graphs and are not plotted . They are probably due to clumping of
spheres, perhaps in the initial dispersal or perhaps in pseudofeces . These data are not
omitted from our statistical analyses .

We employed Jonckheere's nonparametric, distribution-free test for ordered alter-
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natives (Hollander and Wolfe, 1973) to test two a priori hypotheses:

(1) There is a decrease in polystyrene sphere abundance with increasing proximity
to the Clinocardium (due to inhalation and entrapment in pseudofeces or
ejection from the region of study),

(2) There is an increase in polystyrene sphere abundance with increasing proximity
to the Clinocardium (due to entrainment of fluid past the bivalve by the
incurrent and excurrent siphons),

against the null hypothesis that polystyrene sphere abundance was the same at all
distances sampled . We also tested the a posteriori hypothesis that the inhalation of
polystyrene spheres was a "near-field" phenomenon :

(3) There is a decrease in polystyrene sphere abundance with increasing proximity
over the three sample distances nearest the Clinocardium (2.0, 3.2, 5 .0 cm)

against the similarly shortened null hypothesis . These tests were made separately for
upstream and downstream data . We were unable to reject the null hypothesis for any of
these six tests (P > 0 .20). We also performed a series of Wilcoxon Paired-Sample tests
(Zar, 1984) to determine if there was a significant difference between upstream and
downstream abundance at any of the 4 ranges sampled . The data were paired by run,
range, and side of flume sampled (quadrant I with III ; quadrant II with IV) . There
were no significant differences (P > 0 .30) .

The results from the flow visualization study suggested that the region of the bed
downstream of Clinocardium's siphonal currents would be subject to a complex
pattern of boundary shear stress due, predominantly, to turbulent flow around the
exhalent jet. Turbulence and variation of boundary shear stress would be greatest near
the siphon, decreasing to some ambient level farther away . Since boundary shear stress
correlates with the flux of fluid and particles to and from the bed (Jumars and Nowell,
1984), we predicted that polystyrene sphere abundance would reflect this variability .
In other words, there would be patches of increased and decreased polystyrene sphere
deposition downstream of the siphon jet . The averaged result of this downstream
patchiness in deposition would be reflected as an increased variability in polystyrene
sphere abundance for samples taken near the bivalve . We defined our a priori test
parameter, the "deviation from 2-quadrant mean," as the difference between polysty-
rene sphere abundance in any 6-mm diameter sample taken at a specific range around
the Clinocardium siphon and the mean abundance of all 8 samples taken in the same
upstream or downstream semicircle (1 sample at each of 4 ranges from each of 2
quadrants) . We then plotted this parameter against radial distance from the C .
nuttallii (Fig . 4) . Using Jonckheere's test, we evaluated the absolute value of this test
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Figure 4. Deviation of sample abundance of polystyrene spheres from 2-quadrant mean
abundance versus radial distance from C . nuttallii, showing upstream data (quadrants I & II)
and downstream data (quadrants III & IV) separately . Two outliers are not plotted .

parameter (i .e ., Ix-zI) for the predicted trend :

(4) There is an increase in the deviation of polystyrene sphere abundance from the
2-quadrant mean abundance with increasing proximity to the Clinocardium
(due to variation in downstream boundary shear stress),

against the null hypothesis that the deviation of polystyrene sphere abundance from
the 2-quadrant mean abundance was the same for all distances sampled . The upstream
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results were hydrodynamically consistent ; the null hypothesis could not be rejected
(P > 0 .35) . The downstream data are also hydrodynamically consistent, supporting
the predicted trend (P < 0.03) ; there is an increased variability in the deposition of
spheres just downstream of the bivalve .

c. Field sampling. Field dye studies confirmed the qualitative similarity of flow
geometry around Mya and Clinocardium siphonal currents . The quantitative proce-
dures used in the field study mirror the passive deposition procedures, and the results
are displayed in a similar manner so that comparisons may be made . Raw abundance
data for Hobsonia and the oligochaetes were plotted against radial distance from the
Mya siphon (Fig . 5), and we employed Jonckheere's test (Hollander and Wolfe, 1973)
to test abundances of each taxon for the alternate hypotheses already presented : larval
abundance increases, decreases, or is unchanged with increasing proximity to a bivalve
siphon . As in the passive deposition study, we also tested the a posteriori hypothesis
that inhalation of larvae is a "near-field" phenomenon, using Jonckheere's test over the
3 sample ranges nearest to the Mya (1 .8, 3 .3, 6 .0 cm). We were unable to reject the
null hypothesis for any of these tests (P > 0.20) .

The passive deposition study demonstrated a detectable fluid dynamic effect of
siphonal currents (i .e., spatial variability of flow effects) on the deposition of inert
polystyrene spheres downstream of a bivalve in a unidirectional flow, resulting in an
increased variability ("patchiness") in polystyrene sphere abundance near the bivalve .
Direction of tidal flow on Skagit Flats is highly variable due to bi-directional tidal
currents and variable winds across the open expanse of Skagit Bay . If Hobsonia

settlement is dominated by passive deposition ; however, the spatially and temporally
averaged result of this downstream patchiness should still be reflected as an increased
variability in larval abundance for samples taken near a Mya.

Preliminary analysis of the Hobsonia abundance data revealed strongly skewed
frequency data . Thus, we defined our a priori test parameter, the "deviation from local
median," in a manner congruous with the passive deposition study, but using the
median larval abundance of all 5 samples taken from all 5 ranges around a particular
Mya. We plotted this test parameter against radial distance from the Mya siphon for
both Hobsonia and the oligochaetes (Fig . 6) . Again using Jonckheere's test on the
absolute value of the test parameter, we evaluated both taxa for the predicted trend of
increasing deviation of sample larval abundance from local median abundance with
increasing proximity to the bivalve. The Hobsonia data revealed a strong trend in the
predicted direction (P < 0.0025), while the oligochaetes showed no trend (P > 0.35) .

Although statistically nonsignificant (P > 0.25 ; Jonckheere's test of an increase in
x-median (x) with increasing proximity to a siphon), Figure 6 also indicates a tendency
for enhancement of Hobsonia larval abundance (with respect to local median
abundance) near the bivalve.
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HOBSONIA

In [Distance From Siphon] (cm)

Figure 5 . Abundance of H. florida larvae and asexual oligochaete buds versus radial distance
from M. arenaria on Skagit Flat, WA .

4. Discussion
We conclude from all these results that the siphonal circulation produced by the

bivalve "pump" (sensu Jorgensen et a! ., 1986) and induced via interaction of the
bottom-boundary-layer flow with the siphonal currents of the two studied bivalves,
Clinocardium nuttallii and Mya arenaria, has only weak and spatially limited effects
on near-bed particle exchange . It is difficult to argue from any of our data that the
effect of the incurrent siphon on trajectories of passively settling larvae extends beyond
2 cm of the siphon . For isolated bivalves, we have no evidence of any decrease in local
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Figure 6 . Deviation of sample abundance of H. Florida larvae and asexual oligochaete buds
from local median abundance versus radial distance from M. arenaria on Skagit Flat, WA .
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deposition or settlement attributable to the siphon . The dominant effect appears to
occur downstream, as a result of the ambient flow's interaction with the excurrent jet,
and is one of increased variability in deposition and settlement near the bivalve .

A naive calculation from our results would suggest that there is room for some 10'
bivalves m -' before most of the bed is affected, and that the effect, if detectable, would
be local enhancement of larval settlement . Such a calculation, however, confuses two
important effects occurring on two different scales . Suspension-feeding bivalves, and
active suspension feeders in general, are in the business of enhancing the local flux of
particles to the bed, so one should expect a very local enhancement (of debatable
magnitude and importance) in larval settlement . If larvae are inhaled and suffer
mortality, then a separate issue is depletion of larvae by upstream bivalves . Depletion
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of larvae by upstream bivalves in shallow intertidal settings does occur, and these
large-scale effects (e.g ., Peterson and Black, 1987) can completely overshadow in

magnitude the small-scale enhancement of fluxes suggested-and the variability in

recruitment documented-by our observations of isolated individuals .
In view of our results, it is thus no surprise that what constitutes a dense assemblage

has remained undefined . By our arguments, the upstream edges of even extraordinarily
dense assemblages and any small patch (i .e ., an experimental density manipulation of
the scale produced by most experimentalists; e .g. Williams, 1980) would be readily
colonized by larvae and might even show enhanced recruitment due to the circulation

produced and induced by the bivalves. At the other extreme is an extensive and dense
bed of bivalves with a thin and slow-flowing overlying layer of water containing larvae ;
few propagules may survive to settle at the center or downstream edge of the bed. The
same density of bivalves, with a deeper and more turbulent overlying water column
(less susceptible to particle depletion), might readily allow larval recruitment . More-
over, the rate of recruitment will be directly proportional to the supply rate of the
larvae. Thus, it is clear that it would be foolish to attempt a definition of a dense
assemblage from the standpoint of impending recruitment as simply an areal density of
bivalves-without taking fluid dynamics, spatial scale, and larval supply into
account.
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