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1 Introduction

Predicting locations where particles will first contact a flat surface is possible in steady,
unidirectional, boundary-layer flows by using momentum flux as an analog to particle flux (e.g.,
Schlichting, 1979). Predicting particle behavior in flows over complex surfaces is more difficult
(Paola, 1983; Middleton and Southard, 1984). Particle contact with a surface in flow is
determined by particle characteristics, such as size, density and sinking velocity, and flow
characteristics such as free-stream flow velocity, turbulence, shear stress and flow separations in
the boundary layer. Hydrodynamic processes that determine particle contact with a surface also
may influence initial settlement of benthic invertebrate larvae in controlled laboratory flows
(Hannan, 1984; Butman, 1986, 1987; Mullineaux and Butman, 1991) and in the field (Duggins et
al., 1990; Keen, 1987; Mulhineaux and Butman, 1990; Mullineaux and Garland, in prep). It is
often difficult, however, to determine which flow characteristic is responsible for the resulting
settlement pattern. Furthermore, the post-contact exploratory behavior of larvae can also cause
deviations from settlement patterns expected from hydrodynamic considerations alone.

The utility of using the flat plate approach in controlled laboratory flows is that different
configurations of the leading edge of flat settlement plates allow alteration of boundary-layer
flows without changing the character of the surface. Leading edges can be constructed to generate
a variety of boundary-layer flows differing in boundary-layer thickness, turbulence, plate-ward
advection, and shear stress. Although these characteristics co-vary downstream from the leading
edge in a classical boundary layer over a thin flat plate, they do not always co-vary in flows over
more complex surface geometries. In some of these cases, each flow characteristic can be
isolated, and its effects studied independently. Because movements of relatively small particles
are strongly influenced by flow (e.g., Nowell, 1983), sites and rates of initial contact onto plates
should be predictable from boundary-layer flow characteristics. Contact of particles with plates in
these flows is, in turn, a useful analog for initial contact of passive larvae onto similar surfaces.

The objective of the present study was to quantify: (1) the location, relative to the leading
edge, where small, low-density particles first contact a flat surface in a developing boundary layer
(based on varying downstream turbulence, shear stress and vertical advection); and (2) the
relationship between contact rate of particles on flat surfaces and particle flux parallel to the
surface in a uniform, fully-developed, boundary layer. These contact rates and patterns were then
used to model initial contact of passive larvae and propagules onto flat plates. Relatively small
(< 100 prm), low-density larvae are the focus of this study for two reasons: (1) they are more
likely to be passive in boundary-layer flows than large larvae because their swimming speeds tend
to scale with their size; and (2) small larvae, hydrodynamically similar to the particles used in this
study, are prominent in the deep sea (Mullineaux, 1992) where these models will be tested. This
study was designed to help define the role of flow in larval contact and settlement onto natural
surfaces in deep-sea habitats and for evaluating collection c of larval settlement
plates. If, for example, larval contact rates can be predicted from larval concentration in
controlled laboratory flume flows, then settlement rates onto plates can be used to estimate
quantitative larval abundances in the field, assuming that larvae initially contact plates like passive
particles (Mullineaux and Butman, 1991).
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2 Methods

2.1 Plate Design and Flow Measurements

In order to correlate particle contact onto surfaces with specific flow characteristics, flat
plates were constructed with three types of leading edge configurations: "faired", "bluff', and
"split" (Fig. 1). Each leading edge configuration generated unique boundary-layer flows that
could be used to determine flow characteristics that may be responsible for influencing particle
contact with plates. All three plates were 10 cm wide by 26 cm long and were constructed from
polycarbonate plastic sheets.

I Cm
Paired Plate

Figure 1. Plate design and qualitative velocity
vectors drawn from LDV measurements of vertical Bluff Plate
and horizontal velocities at a along-stream flow speed -- ---- --- -

of 10 cm f"I (measured at 10 cm above flume ,-"
bottom). Flume flow is from left to right in diagram.

split Plat

The three plate types were configured to develop the boundary layer flows described
in Mullineaux and Butman (1991). The "faired" plate was 0.15 cm thick along its entire
length, with the leading edge tapered to create a fairing for the oncoming flow. A classical
boundary layer, described by "flat plate" theory (e.g., Schrichting, 1979) was expected to
develop along this plate. The "bluff' plate was 1.0 cm thick along its length. Over this plate,
the flow was expected to separate at the bluff surface of the leading edge and reattach
downstream at a location determined by the along-stream velocity and leading edge thickness
(Ruderich and Fernholz, 1986). The "split" plate was 0.15 cm thick along its length but had a
"splitter bar", consisting of a 1.0 cm high polycarbonate strip attached normal to the flow, at
the leading edge. Flume studies (Mullineaux and Butman, 1991) showed that the flow
separation created by this configuration was qualitatively similar to that of the bluff plate, but
differed in size and turbulent intensity. In addition, the splitter bar caused the mean
horizontal velocity and shear stress immediately downstream of the leading edge to be
substantially reduced relative to similar locations on the bluff and faired plates.
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Flow over the three plate types was measured using a two-axis, forward-scatter laser
Doppler velocirneter (Agrawal and Belting, 1988). The plates were set up individually for
LDV measurements in an open-channel flow (see Butman and Chapman [1989] for a
description of the flume and Mullineaux and Butman [1991] for a detailed description of
profiling above a flat plate using the LDV). The flume was 17 m long and 60 cm wide, with
an experimental "test section" located 12 m downstream from the flow straighteners. The
flume was filled with freshwater to a height of 12 cm and the flow was adjusted to one of the
two flow speeds (5 or 10 cm s"1 at 10 cm above the flume bottom).

Single plates were placed in the flume at the center of the test section, with the plate
edges 25 cm from the flume side-walls. The plates were elevated 5 cm above the flume
bottom on thin plastic legs in order to raise them above the region of highest shear within 2-3
cm of the bottom. Plates were oriented horizontally with their long dimension parallel to the
flow. Vertical velocity profiles were measured with the IDV at successive locations
downstream from the leading edge. The two axes allowed for simultaneous measurements of
instantaneous along-stream (u) and vertical, or plate-ward (W,4..vrJities. Velocity means (9,
W), standard deviations [rms(u'), rms(w')], and variances (u'", w'") were calculated from
measurements taken for 4 minutes at each position. Turbulence [rms(w')] and mean vertical
advection (w) were calculated by integrating over the boundary layer from measurements
taken at eight heights between 0.1 and 2.0 cm above the plate, as in MW waux and Butman
(1991). Shear stress was calculated from the turbulent kinetic energy (u') at a height of 0.1
cm above the plate. The downstream locations and spacing of profiles varied slightly among
plate types and flow speeds, and depended on the presence and location of flow separation
and reattachment points. No velocity profiles were measured over plates at 2 cm s-1 flows
because of limitations of the flume pump at slow speeds. Instead, dye was released at the
leading edges of the plates at an along-stream flow speed ranging from 2 to 13 cm s-1, in
order to visualize flow separations and the boundary-layer thickness. These studies were
useful for determining critical flow speeds for development and destabilization of flow
separations over each plate.

2.2 Particle Contact Experiments

Particle contact experiments were performed using the same experimental plates but in
a different flume (Fig. 2). A racetrack-style flume (the Paddle-Wheel Flume described in
detail in Butman and Grassle, submitted) was chosen for the particle contact studies because
of its smaller volume (approximately 1800 liters as opposed to approximately 100,000 liters
in the 17-Meter Flume). The number of particles required to seed the flow in the Paddle-
Wheel Flume was almost 20 times less than the number needed to achieve similar
concentrations in the 17-Meter Flume.

The Paddle-Wheel Flume was 8.5 m long and 50 cm wde. Eight paddles attached to
flexible linkages revolved on a large paddle wheel and drove the flow at a constant velocity.
The designated "test section" where flow disturbances from the channel bend had dissipated,
was located 4.2 m downstream from the first bend following the paddles, and 1.5 m (three
channel widths) upstream from the downstream bend. Flow speeds were adjusted by a
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rheostat that controlled the paddle wheel motor and were verified with a Marsh McBurney
electromagnetic current meter. The flume was filled to a height of 14 cm with 10 gm filtered
seawater at ambient room temperature and was allowed to warm up and deaerate overnight.
This procedure was necessary because inflowing seawater at ambient winter-time temperatures
was supersaturated with gasses. Deaerating the water overnight prevented bubbles that
interfered with particle retention on the plates from forming during the experimental runs.

Due to the water depth in the flume (14 cm), cross-stream flow at the bottom and
along the surface was expected (Butman and Grassle, submitted), but because the plates were
near the center of the water column (5 cm above bottom), this cross-stream flow was not
expected to quantitatively affect the outcome of this study. Furthermore, cross-stream flows
should have dissipated at the test section.

Spores from the club moss Lycopodium sp. (Duke Scientific Company, product #215,
Palo Alto, CA) were selected for use as particles in this study because of their low
gravitational fall velocities and their low cost. Lycopodium releases pale yellow spores that
when hydrated, are 40-70 pm in diameter. The spore density in freshwater was 1.03 g cm"O
(Duke Scientific, pers. comm.). The fall velocities of these spores were expected to be in the
range of passively sinking, deep-sea larvae and propagules, most of which are approximately
64-250 pr in diameter (Mullineaux, unpub. data), and have predicted settling velocities of
< 0.1 cm s"1 .

A stock mixture of particles and seawater was made by mixing 0.25 - 0.50 g of dried
spores with approximately 20 ml of 0.2 pm filtered seawater. The mixture was shaken
vigorously until most of the spores were suspended. A few drops of Betadine surgical scrub
were added to relieve surface tension. The spores were then allowed to hydrate for one hour
at room temperature. A small aliquot was drawn from the stock mixture, loaded into a
hemacytometer, and the average nunm'er of spores per milliliter determined from the mean of
six subsamples.

The flume was seeded with a known concentration of the spore-containing stock
mixture. The stock mixture volume was adjusted to yield a final concentration of 75 spores
per milliliter in the flume, and then was diluted to 4 liters and mixed vigorously before
introduction into the flume. Spores were distributed homogeneously throughout the flume
water volume by pouring the stock mixture along a full circuit of flume, in the direction
opposite to the flow at 10 cm s"1 to minimize deposition on the flume bottom. The spores
were allowed to circulate two times around the flume before the rheostat was readjusted to
attain the desired flow speed.

During the experimental runs, particle concentrations in the flume were measured at
plate height (5 cm above the bottom). Particles were collected with a peristaltic pump
sampler similar to that described by Hannan (1984). Small water samples, of known volume
(150 - 250 ml), were drawn from the flume through a thin glass tube (6 mm in diameter),
bent so that the intake faced directly into the flow. The tube, which was the only part of the
apparatus disturbing the flow, was positioned vertically with a vernier caliper. Spores in the
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pump samples were retained on a 1.2 pm Millipore filter, and counted with a dissecting
microscope. Prior to and immediately following the experimental runs, particle concentrations
were measured at three heights above the bottom in three locations around the flume
(locations A, B, and C in Fig. 2) to determine whether particles were well-distributed, both
vertically and horizontally, throughout the flume during the course of an ex ntal run.
No consistent trends in particle concentration, such as an increase in particles near the bottom
due to settling, or near the inner, lower comers of the flume due to cross-stream flows (as
described by Butman and Grassle, submitted), were observed.

The three plate treatments (faked, bluff, and split) were coated with a thin layer of
Dow Coming 340 Heat Transfer Compound (DC 340), a white, viscous, silicon-based
adhesive that retained particles in locations where they first contacted the plates. DC 340 was
chosen over a variety of other coatings on the basis of five criteria. When applied to the
plates in a thin coat, it: (1) contrasted in color with the particles; (2) formed an even, flat
surface; (3) was insoluble in seawater and retained its adhesive properties over time; (4) was
nontoxic for use in the flume, where live animals were frequently used, and (5) did not
deform under high along-stream flows or shear stresses. Erosion experiments demonstrated
that once a particle contacted a coated surface, the particle could not be dislodged even at
shear stresses much higher than those occurring during experimental runs (unpub. data).

The three experimental plates, coated on their upper surfaces with adhesive, were
chilled to a temperature that matched the seawater in the flume (8.5 - 12.50 C). Flume water
depth averaged about 14 cm, but ranged from 13.0 to 14.5 cm; thus, the width-to-depth ratio
(3.85 - 3.45 respectively) was suboptimal for one-dimensional, open-channel flow (Nowell
and Jumars, 1987). Potential effects of wall boundary layers were addressed experimentally
with flow visualizations and particle contact analyses. Plates were added to the flume after
flow speed had been established for each experiment. Three plates were placed in the test
section horizontally (side-by side, in a random order) and elevated 5 cm above the bottom on
thin legs. Dye studies were conducted to determine the horizonal spacing needed to dissipate
the vortices generated at the comers of the plate leading edges before they interfered with the
flow over adjacent plates. The dissipation distance, of approximately 3 cm, resulted in 7 cm
clearance firom each flume wall. Dye studies showed that this arrangement minimized side-
wall flow effects, while keeping the leading-edge flow disturbances from influencing adjacent
plates.

During an individual run, three separate experiments were conducted, one at each of
three flow speeds (2, 5, and 10 cm s-1). In order to conserve spores, the flume was not
emptied and reseeded between the three flow speed treatments; instead, between treatments,
flow speed was increased to the maximum setting (approximately 20 cm s'l), and a squeegee
was used to resuspend particles that had settled out of suspension. Flow speed was then
decreased and allowed to equilibrate to the new setting before the next set of plates was
introduced. An estimate of spore concentrations during each replicate run was made by
pumping water 5 cm above the bottom (plate height) at a location 4 m upstream of the test
section (location B in Fig. 2). Nine pump samples were collected during each replicate run
(three samples in each flow speed treatment) to determine whether particle concentration in
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the flume changed significantly between subsequent flow treatments, and between replicate
runs.

Particles were allowed to accumulate on the plates for 30 minutes. A fresh set of
three plates was introduced at the start of each flow speed treatment. The positions of the
three plate types, relative to the inner and outer walls of the flume were randomized for each
flow speed treatment. In addition, the temporal order of flow treatments was randomized for
the replicate runs. Flow speeds were measured at 10 cm above the bottom and verified
before each flow speed treatment with a Marsh McBumey current meter. Boundary shear
velocities of the flume flow were chosen to cover a range of naturally occurring deep-sea
(slow) flows.

After a 30-min replicate run, plates were removed from the flume. Particle
accumulation patterns within 3 cm of the leading edge of each plate were quantified by
counting spores under a dissecting microscope in successive 0.5 cm bands downstream from
the leading edge. Only the central 6 cm in a band were counted to avoid regions near the
edge that could have been affected by secondary flows (e.g., roll vortices in Ruderich and
Fernholz, 1986). Between 4.5 and 20.5 cm from the leading edge of the plates, spores were
counted in 1.0 cm bands, centered at 2.5 cm intervals from the leading edge. The bands were
narrower near the leading edge because strong downstream gradients in flow characteristics
were expected in that region, whereas flow gradients were expected to be more gradual
further downstream. Each 0.5 or 1.0 cm band was further subdivided into six 1.0 cm cells
across the plate to quantify cross-stream particle distributions. Particle abundances on the
plates from each flow treatment, Pp,, O' were adjusted to normalized values Pfi0 by
multiplying them by the ratio of tie mean particle concentration in the flume from all
replicate runs [Pw] to the flume particle concentration during the time interval of the replicate
run

pw-P = pci) [ / [Pw1 (i)]

This normalization permitted comparison of particle abundances on plates between flow
speeds and between replicate runs.

2.3 Statistical Analyses

Comparisons between particle abundances and flow characteristics were conducted
with Kendall's r correlation coefficient (Siegel, 1956). For each plate type in the two faster
flow treatments (5 and 10 cm s-l), mean particle abundances in the eight bands between 0 - 8
cm were calculated using the three replicate runs. These mean abundances were ranked for
comparison with ranked values of the three flow characteristics, (vertical [plate-ward]
advection, turbulence and shear stress), from comparable locations on the plates. In cases
where flow measurements had not been made at the same location as particle counts, values
were interpolated from the closest measurements. Similar comparisons between particle
contact and flow characteristics at 2 cm s-1 flow speeds were not performed because detailed
flow characteristics had not been measured at this flow speed.
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Additional analyses were conducted for the sole purpose of investigating possible flow
biases in the experiments. Cross-stream variations in particle abundance were analyzed with
a one-way ANOVA (Systat, version 2.1) on each of the 27 plates (three plates in each of
three flow speed treatments in three replicate runs). The analyses were done separately for
the leading edge region (0-8 cm) and the mid-plate region (10-20 cm) of each plate, to isolate
effects in the developing boundary layer from those in the relatively uniform boundary layer
downstream. Cross-stream variations in particle contact in the leading-edge region were of
interest to evaluate the potential influences of secondary flows (e.g., roll vortices) produced at
the leading edges of the plates. Cross-stream variations in the mid-plate region were expected
to be less influenced by leading-edge disturbances, but were examined to determine if cross-
stream flows in the flume channel influenced particle contact

Downstream variations in particle abundance (i.e., at the leading edge versus the mid-
plate regions of the 27 plates analyzed for cross-stream effects) were also analyzed separately
for each plate type, using an one-way ANOVA. Replicate plates were not used as replicates
in the analysis because they had been placed in a different position in the flume (i.e., inner,
middle, outer) during each replicate run. Downstream particle abundances were expected to
co-vary with flow gradients in the leading edge region of plates, but particle abundances were
not expected to vary in the mid-plate region, where there was only moderate downstream
variation in boundary-layer flow characteristics. The one-way ANOVAs tested this prediction
so that particle abundances in the mid-plate region could be pooled for further analyses.
Since the reliability of all above analyses depended on the assumption that particle
abundances in contiguous bands on a plate were independent, the results were interpreted
cautiously.

3 Results

3.1 Flow Over Experimental Plates

Boundary-layer flows measured by the LDV over the three plate types at 5 and 10 cm
s flow speeds (Fig. 3) corresponded to those predicted by classical boundary-layer theory
and measured in open-channel flows (Kiya and Sasaki, 1983; Ruderich and Fernholz, 1986).
On the faired plate, no flow separation was detected. At both 5 and 10 cm s-' flow speeds, a
classical boundary layer developed, with boundary thickness increasing with distance
downstream from the leading edge. Vertical advection (away from the plate) decreased
downstream from the leading edge as the boundary layer grew, but did not drop below zero
(i.e., where vertical advection would be toward the plate). Turbulence and shear stress tended
to be elevated slightly at the leading edge where the boundary layer was thin and a slight bow
wave may have existed. The exception was shear stress at the leading edge in the 5 cm s-1
flow, which was lower than over the rest of the plate. This anomalous result may have been
due to the measurement being taken slightly above the boundary layer, rather than within it
(Mullineaux and Butman, 1991). Further downstream, turbulence and shear stress decreed
to lower, relatively constant values. Turbulence and shear stress tended to be higher in 10 cm
s"1 than in 5 cm s-l along-stream flow speeds, and were higher over the bluff and split plates
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Mean fluctuating flows were measured over faired, bluff, and split plates at along-stream velocities of 5 and 10
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[rns(u'f.Hwee integrated over vertical prof'ics between 0.2 and 2.0 cm above the plate surface. Boundary sbd
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measurements (see Results).

11



than over the faired plate.

The highest shear stresses occurred on the bluff plates in a region extending from 1-5
cm downstream of the leading edge; these were substantially higher than those over a similar
region on the split plates. Reduced shear stress on the split plate, downstream of the splitter
bar, was likely due to protection of the plate from incident flows. These patterns were
intensified at the higher along-stream flow speed. Both turbulence and shear stress values
decreased to a moderate, but constant level in the mid-plate regions of the split and bluff
plates, although the values were consistently higher than over the faired plates.

Vertical advection away from the plate was high at the leading edge of both the bluff
and split plates where flow separations formed, but decreased sharply (i.e., vertical advection
toward the plate increased) as the flow reattached to the plates, 2 to 5 cm downstream. The
reattachment position on both plates varied with changes in along-stream flow speeds. On the
bluff plate at 5 cm s.l, flow reattached 4.5 - 5.0 cm downstream from the leading edge, but at
10 cm s"1 the reattachment point was located between 3.5 and 4.5 cm downstream.
Generally, the reattachment point on the bluff plates was located between 0.5 and 1.0 cm
upstream from the reattachment point on the split plates in comparable along-stream flow
speeds. Dye studies indicated that the downstream extent of the separation eddy increased
with increasing flow speed up to a critical speed, where the separation eddy became unstable.
The observation that reattachment in 10 cm s-1 flow was closer to the leading edge than in 5
cm s"1 flow suggested that at 10 cm s"1 the separation eddies became unsteady and appeared
smaller because they were being shed more frequently (as in Ruderich and Femholz, 1986).
The reattachment point corresponded with the region of highest shear stress on both the split
and bluff plates.

Flow visualizations with dye on bluff and faired plates corroborated the LDV
measurements at higher flow speeds, and contributed insight into behavior of boundary-layer
flows over plates in 2 cm s-l along-stream flows. Dye injected along the leading edr of a
bluff plate followed the contour of the plate in along-stream flows of 2.0 - 2.8 cm s",
outlining a boundary layer qualitatively similar to that over a faired plate, but with a higher
boundary-layer growth rate. Visualizations at along-stream flows speeds between 5 and 13
cm s"1 indicated that a separation eddy formed and grew in height and length with increasing
flow speed up to 9 cm s- . Separation eddies in faster flow speeds were unstable and were
shed frequently.

Downstream flow variations were most pronounced in the region 0-8 cm from the
leading edge of all three plate types, where the boundary layer was developing and flow
separations occurred. Flow disturbances produced at the leading edge dissipated downstream,
and the boundary layer at distances greater than 10 cm from the leading edge grew so slowly
that a change in boundary-layer thickness was not noticeable on regions downstream from this
point. Because of this qualitative difference, downstream variations in particle contact on the
"leading edge" region only were compared to downstream variations in vertical (plate-ward)
advection, turbulence and shear stress. In contrast, particle abundances on the "mid-plate"

region (10-20 cm) were pooled and analyzed relative to along-stream flow speeds and particle
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fluxes. The flow in this region was considered "non-varying", although the boundary layer

was still developing slightly.

3.2 Particle Concentrations in the Flume

Preliminary measurements indicated that particles were well-distributed throughout the
flume during experimental runs, so subsequent particle concentration measurements were
taken at plate height in the section of the flume where the plates were placed. Particle
concentrations in the flume were consistent between replicate runs and, with the exception of
the first run, decreased only slightly (4.7 to 11.1 %) over the course of the three flow
treatments (speed adjustments) within each run (Fig. 4). Mean particle concentrations,
measured during each flow treatment (Table 1), were used to adjust corresponding particle
abundance on the plates, so they could be compared between flow speeds and between
replicates. All plate abundances were normalized to a mean flume particle concentration of
44.50 m1-l.

70-

Figure 4. Particle concentrations 65 Im In
+ Run 2in the flume during three replicate ; Run3

runs determined by counting 0 so
number of spores per ml from 9

pump samples drawn from :0
Location B (Fig. 2). Mean ,
numbers collected during each of 6o

the three flow speed treatments in 45-
each replicate run were used to ÷
normalize particle abundances on -• 40o .
plates (Table 1).

S35-

30
0 4 0 120 160 200 240

Time (9)

3.3 Particle Contact Patterns

Particle accumulation on the plates in the leading edge regions was used as a measure
of particle contact, since previous experiments had shown that erosion was negligible.
Particle contact, normalized by particle concentration in the flume, varied downstream from
the leading edge of-all-plates, and-also varied-slightly between plate 4ypes and flow speeds
(Fig. 5).

Particle contact on the faired plate showed a strong pattern relative to the leading edge
at all three flow speeds, with contact increasing with distance downstream in the leading edge
region and becoming relatively constant in the mid-plate region (Fig. 5a). Contact near the
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leading edge of plates in 2 cm s-1 and 5 cm s- 1 flows was reduced only in the 0-1 cm bands,
whereas contact on the plates in 10 cm s-1 flows was reduced throughout the 0-3 cm bands.
Because the flow characteristics of turbulence, vertical advection and shear stress all
decreased with distance from the leading edge at 5 cm s-1 and 10 cm s-1 , contact was
negatively correlated (Kendall's r correlation coefficient, p < 0.05) with all three flow
characteristics (Table 2).

Flume Flow Speed 2 cm s"I 5 cms 1  10 cm s1

(no. mi"1) (no. ml") (no. m1")

Replicate #1 38.69 42.65 58.71

Replicate #2 41.13 41.77 46.20

Replicate #3 42.51 45.19 43.61

Table 1. Mean particle concentrations the flume for each flow speed treatment during each of
three replicate runs. Means were calculated from particle concentrations measured in at least
three pump samples (Fig. 4), except for Replicate #2 at 5 cm s"1 (n=2). These means w=e
used to normalize particle contact data to a standard flume concentration of particles (arbitrarily
chosen to be the grand mean of 44.50 particles ml'1 ).

Plate Treatment Vertical Turbulence Shear
and Flow Speed Advection Stress

Faired
5 cm s"1 -0.714 * -0.643 * -0.714 *
10 cm sr -0.857 * -1.000 * -0.857

Bluff
5 cm s"1 0.000 0.071 -0.214
10 cm s"1  0.143 -0.143 -0.500

Split -1
5 cm s -0.500* 0.429 0.429
10 cm s 0.214 -0.286 -0.214

* P < 0.05

Table 2. Nonparametric correlation (Kendall's i) between positions of particle contact and flow
characteristics-on. threplate treatments. -Values.ianked firom eight puitionsdownstream from the
leading edge. Particle contact ranks were assigned to the average of three replicaft runs at each flow
speed. Ranks for the flow characteristics were assigned to mean values from 4-mm sampling
intervals.
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Contact on the leading edge of the bluff plates appeared to peak between 1-2 cm
downstream of the leading edge at 5 and 10 cm s-1 flow speeds (Fig. 5b). The absence of
this peak at 2 cm s I flows, where no flow separation was observed, suggested that enhanced
contact in the faster flows was a consequence of the flow seraration. The effect of the
separation on contact was much more prominent at 10 cm s- than at 5 cm s-1. Contact
patterns on bluff plates in 5 cm s"l flows were difficult to interpret because variations in the
mid-plate region were as great or greater than variations near the leading edge.

No correlation was found between contact and vertical advection on the bluff plates at
5 or 10 cm s-1 flow speeds. Although contact was consistently low at the leading edges,
where vertical advection was directed away from the plate, it was also low at the
reattachment point, where vertical flows were towards the plate. No consistent correlation
was found between contact and turbulence at 5 and 10 cm s-1, or between contact and shear
stress at 5 cm s'l; the peaks in turbulence and shear stress intensities tended to be located
further downstream than the peaks in contact. The shear stress maximum at 10 cm s"1

corresponded in location to the contact minimum, resulting in a significant negative
correlation.

Contact patterns over the bluff plates at 2 cm s-l were similar to those over the faired
plates at 2 cm s-1. Since no separation over the bluff plate was observed at 2 cm s-1, it is
likely that boundary-layer development was similar to that over the faired plate. The
similarity in flows may account for the similarity in contact patterns between the two plate
types.

Particle contact on the split plates was low at the leading edge in all flows, and
increased with distance downstream in the 2 and 5 cm s-l flow speeds (Fig. 5c). In 10 cm s-1
flows, contact peaked under the separation eddy and decreased at the reattachment point. No
consistent correlations between contact and flow characteristics were observed, and the only
significant correlation was with vertical advection at 5 cm s-1. This correlation reflected a
slight increase in contact with distance from the leading edge in the 0-3 cm region, where
vertical advection was decreasing.

Downstream patterns of particle abundance, and their correlations with flow patterns
were of primary interest in this study, but cross-stream patterns were also quantified. These
cross-stream analyses were used only to test the assumptions that flow disturbances generated
at the edges of plates did not influence particle contact on neighboring plates, and that cross-
channel flows in the flume did not influence particle accumulation patterns.

Only three of the plates showed significant variation in cross-stream particle
abundances in the leading edge region (Table 3). The three plates included a bluff plate in 5
cm s"1 flow positioned near the inner wall of the flume, another bluff plate in 5 cm s"- flow
positioned in the center of the flume, and a split plate in 2 cm s-1 flow positioned near the
inner wall. Consistent trends in particle contact in the cross-stream direction did not occur
for any plate type at any flow speed. Visual inspections of these graphed data (not shown)
also revealed no consistent trends of increased or decreased particle abundances along the
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edges of plates adjacent to other plates. These results suggest that secondary flows produced
at a plate leading edge did not influence particle contact on adjacent plates. The graphs also
revealed no consistent increase in particle abundance from the outer to inner sides of a plate,
as would be expected if cross-channel flume flows were accumulating particles along the
inner walls (as in Butman and Grassle, submitted). Six different plates showed significant
cross-stream variation in the mid-plate region but visual inspection of these data again
revealed no consistent trends.

Plate Position 2 cms 1  5 cm s-1  10 cm s"1

Treatment Lead Mid Lead Mid Lead Mid

Faired
Run I Middle 0.11 1.11 0.46 0.55 0.04 1.55
Run 2 Inner 0.54 0.19 0.63 2.73 * 0.18 0.36
Run 3 Outer 0.64 0.12 0.17 0A1 0.26 2.27

Bluff
Run 1 Inner 1.17 2.78 * 2.72 * 1.28 1.24 2.65 *
Run 2 Outer 0.02 1.54 2.21 1.12 0.82 1.28
Run 3 Middle 1.00 0.68 2.54 * 0.91 0.42 0.08

Split
Run 1 Outer 0.22 1.10 0.67 1.38 0.94 3.02
Run 2 Middle 0.69 1.84 2.07 2.82 0.97 0.28
Run 3 Inner 6.06 t 0.05 0.72 2.86 * 0.75 0.05

*P < 0.05 t1 P < 0.01

Table 3. F ratios from ANOVA of cross-stream particle abundances on the plates in the region 0-8 cm
downstream of the leading edge (Lead), and the region 10-20 cm downstream (Mid). The particles in
six 1-cm by 0.5-cm cells were counted from eight 0.5-cm-deep bands oriented perpendicular to the flow
in the leading edge region (Lead; df=5, n=8), and the particles in six 1-cm by 1-cm cells were counted
from five 1-cm-deep bands further downstream (Mid; df=5, n=5).

Downstream particle abundances were analyzed with parametric statistics (ANOVA) to
determine whether variations in particle contact in the mid-plate region were small relative to
those in the leading edge region. Near the leading edge, significant downstream variations
(P < 0.05) were found on 23 of the 27 plates (Table 4), whereas further downstream,
significant variations were found on only eight of the plates. Visual inspection of the patterns
on these eight plates revealed no consistent trends in particle contact related to distance from
the leading edge. The eight plates showing significant variation included all plbt types (thee
faired, two bluff and three split), flow speeds (two at 2 cm s-1 , three at 5 cm s-1, and three at
10 cm s-l) and positions in the flume (three near inner wall, three in the middle, and two near
the outer wall). These results suggest that downstream variations in particle contact on the
mid-plate regions may have been independent of any of the measured flow characteristics.
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Plate Position 2 cm s-1  5 cms 10 cm s 1

Treatment Lead Mid Lead Mid Lead Mid

Faied
Run I Middle 1136 t 0.77 13.78 t 3.33u 28.55 t 3.21*
Run 2 Inner 9.64 t 2.09 11.34 t 1.65 59.99 t 2.01
Run 3 Outer 4.04 t 17.48 t 20.70 t 1.79 23.93 t 2.71

Bluff
Run 1 Inner 7.19 t 1.63 1.01 9.20 t 5.67 t 1.45
Run 2 Outer 13.81 t 0.69 0.87 1.13 4.43 t 0.07
Run 3 Middle 2.76 * G.11 1.17 0.71 14.40 t 1035 t

Split
Run 1 Outer 10.62 t 0.58 2.61 * 3.57 * 10.10 t 0.66
Run 2 Middle 2.91* 1.98 2.27 * 0.69 9.24 t 2.34
Run 3 Inner 1.43 5.00 t 2.64 * 082 8.70 t 5.00 t

* P < 0.05 t Pt< 0.01

Table 4. F ratios from ANOVA of downstream particle abundances on the plates in the region 0-8 cm
downstream of the leading edge (Lead), and the region 10-20 cm downstream (Mid). The particles in
eight 0.5-cm by 1-cm cells were counted from six 1-cm-wide strips running parallel to the flow in the
leading edge region (Lead; df=7, n=6), and particles in five 1-cm by 1-cm cells were counted in the six
1-m-wide strips further downstream (Mid; df=4, n=6).

3.4 Particle Contact Rates

Particle abundance was measured away from the effects of the plate leading edges
(10 - 20 cm downstream) to calculate contact rates in non-varying boundary-layer flows. The
absence of flow-related variations in particle contact in this mid-plate region (Table 4)
indicated that these particle contact data could be pooled for subsequent analyses. Mean
contact rates were then compared between plate types and between along-stream flow speeds.

Particle contact rates on the mid-plate region varied strongly with along-stream particle
flux (Fig. 6). Contact rates did not, however, vary strongly with along-stream flow speed
(Fig. 7). A two-way ANOVA revealed no significant (P < 0.05) variation with either flow
speed or plate type in the "non-varying" flow region of the plates. Thus, the observed
increase in particle contact rate on plates in increasing along-stream particle fluxes appears to
have been due almost entirely to increases in particle concentration in the flume.
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4 Discussion

4.1 Particle -ContactPatterns in-a Developing Boundarytayer

The lack of consistent correspondence between particle contact pattern on the leading
edge region of plates and individual flow characteristics (vertical [plate-ward] advectiom,
turbulence, shear stress) suggests that several aspects of the flow are interacting to produce
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the observed particle patterns. We had predicted that increasing plate-ward advection and
turbulence in the boundary layer would increase particle contact by increasing the flux of
particles through the boundary layer (as in Eckman, 1990). A significantly positive
relationship between particle contact and plate-ward advection or turbulence was not
observed, however, on any of the plates. One explanation for this unanticipated result is that
elevated values of plate-ward advection and turbulence are often associated with enhanced
shear stress very near the plate (Fig. 3), which may inhibit the particles from settling
(Eckman, 1990). It is important to note that effects of shear stress are acting on particle
motions in the water column, and are not causing particle erosion. No evidence of post-
contact particle motion or erosion (e.g., pits or trails in the adhesive) were observed on the
plates.

A closer examination of particle patterns within plate types reveals that high particle
contact rates occurred only in regions with both a relatively thick boundary layer and reduced
shear stress. Regions with only a thick boundary layer (e.g., the reattachment points on the
bluff and split plates) or reduced shear stress (within 0.5 cm of the leading edge of bluff and
split plates) did not collect particles, hence the non-significant correlations with particle
contact on these plates (Table 2). We suggest that mixing in the thicker boundary layer
downstream from the plate leading edges enhances the flux of particles from the water
column into the boundary layer, but once in the boundary layer, particle contact is enhanced
only in regions with low shear stress. Plate-ward advection may also increase the flux of
particles into the boundary layer, although particle contact does not appear to be enhanced at
reattachment points due to elevated shear stresses.

4.2 Implications for Larval Settlement in a Developing Boundary Layer

Results of these particle contact experiments can be applied to models of larval
settlement, but only if a hydrodynamic similarity between particles and sinking larvae exists.
Near bottom shear stress will only inhibit particle (or larval) contact ff the ratio of particle
settling velocity to shear velocity (a correlate of shear stress) is low (Eckman, 1990). In the
present study, the particles used had a low specific gravity and low settling velocities.
Assumptions were made that (1) particles followed streamlines, (2) particle-particle
interactions were negligible, and (3) particle settling velocities were small relative to turbulent
intensities and shear velocities. No evidence of particle clumping was observed, and the
results suggested that gravitational and inertial forces were less important than boundary-layer
motions, except very near the plate. These same assumptions are probably valid for small
larvae, such as many of those in the deep sea, but are not likely to be valid for large larvae
such as barnacle cyprids.

Evidence that swimming speeds, inertia or settling velocity of a larva may be
important in boundary-layer flows can be found in settlement data for barnacles in controlled
flume flows. In a series of experiments quantifying cyprid contact, exploration and settlenent
on plates in flows identical to those used in this particle study, initial cyprid contact was
found to be highest at the reattachment points on the bluff and split plates (Muflineaux and
Butnan, 1991). This result suggests that cyprid settling velocities or swimming speeds am
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sufficiently large to overcome the turbulence and shear stress at the flow reattachment points.

Small particles with low settling velocities are expected to contact vertical plates in
patterns similar to those observed on horizontal plates because the boundary-layer pressure
and turbulence parameters are equivalent. This assumption was not tested in the flume
experiments presented here because the vertical plates were not easily elevated above the
strongly sheared flows near the bottom of the flume. High settling velocities of large larvae,
however, may cause them to contact upper surfaces of horizontal plates more frequently and
in different patterns than they contact vertical plates. Thus, it may be important to test
contact patterns of large particles on both horizontal and vertical surfaces.

An additional caveat for the use of particle contact patterns in larval settlement studies
is that they are intended to predict initial contact patterns, which are not always maintained in
subsequent settlement patterns. Especially in shallow-water habitats, where larvae may be
relatively large and have diverse behaviors, post-contact larval behaviors may substantially
influence settlement patterns. Although some of these behaviors ae flow-dependent (e.g.,
Crisp 1955; Mullineaux and Butman, 1991), they ae not well documented for most larvae.
Thus it seems reasonable to caution that behavior (ic. swimming, phototaxis, chemotaxis
geotaxis, rheotaxis, etc.) and hydrodynamic character of the larva (related to size, density and
shape) may significantly influence larval settlement in the field.

4.3 Particle Contact Rates in the Non-Varying Flow Region

Particle fluxes to the mid-plate region (downstream of the developing boundary layer)
varied only slightly (and not significantly) with along-stream flow speed. Our initial
expectation was that particle flux would increase with increasing flow speed, as a result of
increased turbulent mixing of particles through the boundary layer toward the surface. The
absence of an increase in particle contact with incraing flow speed coroborates our
observations, from developing boundary layers, that enhanced turbulence does not necessarily
increase particle contact. It is likely that, in both the developing boundary layer and the non-
varying flow region, particle contact depends on the relative values of particle settling
velocity, integrated turbulence through the boundary layer and boundary shear stas. Over
the range of flows used in this experiment (2-10 cm s"), these factors appear to balance each
other in such a way as to maintain a relatively constant contact rate, depenaient of along-
stream flow speed. Rather than depending on flow speed, particle contact appears to depend
most strongly on particle abundance in the water column.

The empirical results from this study can be used to predict the flux of particles to a
plate, Fp. from particle concentration in the water (Pwj in the range of flow speeds tested:

(2) Fp = R() ;

where F =P/t (the particle accumulation over time in cm 2 s'l), u is the along-steamn flow
speed (cA s'l, Fw = [P]w u (the along-stream flux of particles in the water in cmu2 sj)

and R(u) is the empirically measured ratio of Fp/Fw at each flow speed. Since values of
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particle contact did not vary with along-stream flow speeds in the range of flows used in

these experiments, this equation can be simplified to:

(3) Fp =[PJ e K

where K (in cm s-1) is the empirically determined value of particle contact rate divided by
particle concentration in the flume (normalized values plotted in Fig. 7). The mean value of
K from three replicates of each plate type in thre flow speeds was 4.79 -0l cm s-1 (St.
dev. = 1.23 " le cm s'l). The variation in these measurements was relatively high between
replicate plate types within each flow speed, but was relatively low between plate types and
flow speeds. This result suggests that estimates of particle concentration in the water column
should not be calculated from only a few replicate plates. In addition, estimates from the
simplified equation (3) are valid only in flows similar to those used in the flume (2 - 10 cm
s-1), and for regions of the plate in non-varying boundary layer flow.

4.4 Interpreting Larval Settlement Plates

Predicting particle concentrations in the water from particle contact rates on flat plates
may be useful in interpreting larval abundances on settlement plates. Quantification of larval
abundances in the open ocean can be very difficult, especially in deep-sea habitats where
traditional ship-board sampling methods (net tows) are difficult to use, and larvae are
relatively sparse. Measuring larval abundances by quantifying their settlement onto artificial
surfaces suspended in the water column is an attractive alternative to net tows because larval
abundances can be integrated over a period of time, and only benthic larvae (and not large
volumes of holoplankton and flocculent material) are collected. The limitation of this
technique is that the relationship between larval settlement rates and larval abundances is
influenced by often-unmeasured factors including larval contact rate with the plate and active
larval behaviors. Contact rates of small larvae with the plate are expected to be controlled by
the same processes controlling contact rates of small particles, but larval settlement rates will
differ because not all larvae will choose to settle on contact. This behavior can be
parameterized as a "choice" term, C(larva), representing the probability of larval settlement on
contact. This choice term can be iniegrated into the particle contact equation to formulate a
larval settlement equation:

(4) Sp = Fw " R(u) a C(larva) ;

where S is the larval settlement rate onto the plate (cm"2 s'l), and Fw is the along-stream
flux of farvae past the plate (cm2 s-1 ).

In relatively slow flows, similar to those in many deep-water habitats, the larval choice
term can be used with the simplified version of the particle contact equation (3), resulting in a
simplified larval settlement equation:

(5) Sp = . o K C(la)
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where [LwJ is the concentration of larvae in the water column (cm' 3).

In deep-water habitats, larval behavioral responses at settlement are probably species-
specific, and may depend on a combination of surface cues and environmental factors,
including flow speed. Even in flow regimes where larval contact rates may not be strongly
flow-dependent, it is possible that larval behavioral responses are. Most of these active larval
responses are unknown, but they are not likely to vary between settlement plates deployed in
deep-water habitats characterized by weak gradients in light, temperature, and current speeds.
Thus, relative differences in larval settlement between plates in these types of habitats can be
used to estimate relative differences in larval abundances. Since larval settlement responses
may be flow dependent, however, unexpected variability may be introduced into settlement
onto plates in different flows, even in the range of flow speeds where larval contact is
independent of speed.

Interpretation of larval settlement rates in terms of larval abundances should be done
cautiously, but if the settlement plates are oriented parallel to the flow, and the flow rates are
measured, then relative differences in larval settlement on the plates should reflect relative
differences in larval abundances in the water column.
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16. Absltrat (Lkm: 200 world)

Patterns and rates of particle contact onto flat plates in steady unidirectional flows were investigated in a laboratory flume.
Plates with three leading edge configurations (faired, bluff and split) were used to generate boundary-layer flows that differed in
downstream patterns of plate-ward advection, turbulence and shear stress. Particle contact onto the leading edges of all plates was
consistenly low in 2,5, and 10 cm s" along-stream flow speeds. Contact was enhanced under separation eddies that formed over
bluff and split plates, but was reduced at reattachment points. High contact rates appeared to correspond to a combination of local
plate-ward advection, a thick boundary layer, and reduced shear stress.

Surprisingly, particle contact rates in the "non-varying" flow region further downstream on the plates varied only slightly
between plate types and between flow speeds. Contact rates did, however, vary strongly with particle abundance in the flume. These
results were used to develop a predictive model of passive larval contact rate onto settlement plates in known larval concentrations
and free-stream flows. The contact model, when combined with larval behavioral observations, provides the basis for a more
objective, quantitative method of interpreting larval settlement plates.
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1. boundary-layer-flow
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3. particle contact
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